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Dans cette thèse, la réaction entre les complexes de formule [Cp*2M2O5] et Na2M'O4 (M, M' = 
Mo, W) dans différentes proportions stoechiométriques a été étudiée en milieu acide aqueux. Il s'agit 
d'une voie douce et sélective pour l'obtention de polyoxométallates organométalliques de type 
Lindqvist. Une proportion 1:4 a permis d'obtenir les oxydes organométalliques mixtes de formule 
générale [Cp*2MoxW6–xO17] (x = 6, 4, 2, 0), parmi lesquels les deux systèmes mixtes [Cp*2Mo2W4O17] 
et [Cp*2Mo4W2O17] n'avaient pas été décrits auparavant. Chaque complexe a été identifié par analyse 
élémentaire, analyse thermogravimétrique et spectroscopie infrarouge. La composition et la géométrie 
moléculaire de [Cp*2Mo4W2O17] a été confirmée par une excellente correspondance entre le spectre 
de diffraction RX de poudre expérimental et un spectre de poudre théorique simulé obtenu à partir des 
données RX monocristallines des composés [Cp*2M6O17] (M = Mo, W) avec lesquel le composé 
identifié est isomorphe. 
Les composés peuvent s'écrire comme [(Cp*M)2(M'O)4(µ2-O)12(µ6-O)]. La position relative de 
M et M' est définie par la nature des réactifs de départ. L'élément M provient du réactif 
organométallique et reste de façon sélective en position (Cp*M). L'élément M' du réactif inorganique 
occupe sélectivement les positions (M'O). La dégradation thermique des complexes (>500°C) a 
conduit à des oxydes mixtes de formule Mo2/3W1/3O3 et Mo1/3W2/3O3.  
 Quand le protocole synthétique est opéré entre [Cp*2M2O5] et Na2M'O4 (M, M' = Mo, W) dans 
une proportion molaire 1/10 dans un milieu méthanol/eau acidifié, la formation de polyoxométallates 
mixtes organométalliques polyanioniques de formule générale [Cp*MM'5O18]- (M, M' = Mo, W) est 
observée. Seul [Cp*Mo6O18]- était connu auparavant, obtenu selon deux stratégies de synthèse 
différentes. Ces composés ont été isolés sous forme de sels avec nBu4N+, nBu4P+, et Ph4P+ comme 
cations. Les composés ont été caractérisés par analyse élémentaire, analyse thermogravimétrique, 
spectrométrie de masse en mode électrospray et spectroscopie infrarouge. Les structures 
moléculaires des composés Ph4P[Cp*Mo6O18] et Ph4P[Cp*WMo5O18] ont été confirmées par diffraction 
RX sur monocristal. 
Les composés montrent des vibrations en spectroscopie infrarouge caractéristiques des 
vibrations M=O et M−O−M. Comme dans tous les composés de type POMs, les vibrations des liaisons 
terminales M′=Ot et M″=Ot apparaissent à plus haute fréquence (950−1000 cm-1) que les vibrations 
M−Ob−M (750−890 cm-1). Pour les POMs anioniques, les spectres RMN 1H dans le DMSO indiquent 
un signal pour le Cp* à 2,2 ppm (lié au Mo) ou 2,4 ppm (lié à W), ainsi que les résonances des cations 
avec une intensité correspondant à la stoechiométrie Cp*/cation de 1/1. La RMN du 31P des sels de 
phosphonium montrent les résonances correspondantes à 23,4 ppm pour Ph4P+ et 35,1 ppm pour 
Bu4P+. Le comportement thermique des composés anioniques à l'air a été étudié. L'étude thermique à 
plus de 500°C des sels de tétrabutylkammonium conduit à la perte totale de la partie organique, et la 
formation d'oxydes mixtes Mx/6M′1−x/6O3 (x = 0, 1, 5, 6) avec une bonne correponsdance entre pertes 
de masses théoriques et expérimentales. L'analyse thermogravimétrique des sels de phosphonium 
(Bu4P+ and Ph4P+) a donné des indications sur la perte partielle (ou totale) de phosphore en fonction 
de l'anion, sans toutefois pouvoir établir une règle absolue. 
 Les anions ont été étudiés par spectrométrie de masse en mode électrospray. Le spectre en 
mode négatif a montré pour chaque anion l'ion moléculaire attendu avec un profil isotopique en accord 
avec les spectres simulés. Le schéma de fragmentation est différent pour chaque anion, mais un fait 
commun est la perte du fragment neutre Cp* pour conduire à l'espèce [MM′5O18]-, suivi de pertes 
successives de MO3 et/ou M′O3. 
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In this thesis, the reaction of [Cp*2M2O5] complexes with Na2M'O4 (M, M' = Mo, W) in different 
stoichiometric ratios has been investigated in an acidic aqueous medium. It is a mild and selective 
entry into well-defined Lindqvist-type organometallic mixed-metal Polyoxometalates. Using a 1:4 ratio 
leads to the neutral compounds [Cp*2MoxW6–xO17] (for x = 6, 4, 2, 0), of which the two mixed-metal 
systems [Cp*2Mo2W4O17] and [Cp*2Mo4W2O17] were not previously reported. The identity of the 
complexes is demonstrated by elemental analysis, thermogravimetric analysis and infrared 
spectroscopy. The molecular identity and geometry of compound [Cp*2Mo4W2O17] is further confirmed 
by a fit of the powder X-ray diffraction pattern with a model obtained from previously reported single-
crystal X-Ray structures of [Cp*2Mo6O17] and [Cp*2W6O17], with which [Cp*2Mo4W2O17] is isomorphous.  
The formula of these compounds may also be written as [(Cp*M)2(M'O)4(µ2-O)12(µ6-O)]. The 
relative position of the M and M' atoms is perfectly defined by the nature of the starting materials, the 
M element from the organometallic reagent ending up selectively in the (Cp*M) positions and the M' 
element from the inorganic reagent occupying selectively the (M'O) positions. Thermal decomposition 
of these compounds yields the mixed-metal oxides Mo2/3W1/3O3 and Mo1/3W2/3O3 with an expected 
homogeneous distribution of the two metals.  
 When the same synthetic procedure is carried out with [Cp*2M2O5] and Na2M'O4 (M, M' = Mo, 
W) in a 1:10 ratio, the anionic organometallic mixed-metal polyoxometalates [Cp*MM'5O18]- (M, M' = 
Mo, W) are obtained. This family was previously represented only by the homometallic Mo member, 
obtained by two different and less efficient synthetic strategies. All these compounds have been 
isolated as salts of nBu4N+, nBu4P+ and Ph4P+ cations. The compounds have been characterized by 
elemental analysis, thermogravimetric analysis, electrospray mass spectrometry, and infrared 
spectroscopy. The molecular identity and geometry of compounds Ph4P[Cp*Mo6O18] and 
Ph4P[Cp*WMo5O18] have been confirmed by single crystal X-ray diffraction.  
The compounds show characteristic M=O and M−O−M vibrations in the IR spectrum. As found 
for all POM derivatives, the terminal M′=Ot and M″=Ot vibrations (950−1000 cm-1) have higher 
frequency, than the M−Ob−M vibrations (750−890 cm-1). The 1H NMR spectra of the isolated products 
for the new anionic POM's show the Cp* signal at δ 2.2 (when linked to Mo) or 2.4 (when linked to W), 
plus the resonances of the cation with suitable intensity for the 1:1 Cp*/cation stoichiometry. The 31P 
NMR spectrum of the phosphonium salts shows the expected cation resonance at δ 23.4 for Ph4P+ 
and δ 35.1 for Bu4P+. All anionic compounds were also investigated in terms of their thermal behavior 
by thermogravimetric analysis (TGA) in air. The salts with N-based cation (Bu4N+) lead to complete 
loss of the organic part, with formation of the mixed-metal trioxides Mx/6M′1−x/6O3 (x = 0, 1, 5, 6), with a 
relatively good match between experimentally observed and theoretical mass losses upon warming up 
to 500 °C. TGA of the salts with phosphonium cations (Bu4P+ and Ph4P+) gave indication of 
phosphorus loss or not depending on the anion, without a clear rationalization. 
 All anions were also investigated by mass spectrometry using an electrospray injection 
method. The spectrum in negative mode showed the expected molecular ion with an isotopic pattern 
in good agreement with the simulation. The fragmentation pattern is not identical for each type of 
anion, but as a general feature, we can observe a loss of the Cp* fragment to yield [MM′5O18]-, 
followed by the subsequent loss of both MO3 and M′O3. 
 
 
Keywords: Aqueous Organometallic Chemistry, Molybdenum, Organometallic Oxides, 
Pentamethylcyclopentadienyl Ligands, Polyoxometalate, Tungsten. 
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Synthèse et caractérisation de polyoxométallates organométalliques de molybdène et de 
tungstène en milieu aqueux. 
 




 Les polyoxométallates (POMs) sont des clusters d’oxydes de métaux de transition (M = V, Nb, 
Ta, Mo, W, etc.) avec des structures discrètes et diverses. Ces composés inorganiques ont attiré 
l’attention dans les champs de la chimie structurale, de la biologie, de la catalyse, du magnétisme 
moléculaire et de la science des matériaux avancés [1]. 
 Des oxydes mixtes contenant au moins deux métaux différents sont intéressants pour les 
différentes applications possibles dans le domaine de la catalyse [2-4] et pour l’élaboration de 
matériaux chromogènes [5], l’avantage étant la modification de la propriété désirée (réactivité, 
absorption de la lumière, etc.) par la modification de la nature et de la proportion relative des différents 
métaux. Un inconvénient est la difficulté d’obtention de matériaux avec une distribution métallique 
homogène au niveau atomique avec les techniques qui sont couramment (sputtering, CVD) [6]. Pour 
des applications en catalyse, les POMs constituent des modèles à l’échelle moléculaire permettant 
une meilleure compréhension de l’interaction entre les substrats et la surface oxyde [7-9]. De 
nombreux groupes de recherche dans le monde sont spécialisés dans la synthèse de ces molécules, 
en opérant un contrôle fin de leurs formes, leurs tailles et leurs compositions élémentaires [10,11]. 
Une stratégie de synthèse emploie l’assemblage de fragments polyatomiques prédéfinis, 
souvent dans un solvant organique et avec des précurseurs organométalliques sensibles à l’air et à 
l’eau [10,12,13]. Une autre méthode utilise le greffage de fragments organiques simples sur des 
clusters lacunaires oxo [11]. La synthèse hydrothermale à partir de briques élémentaires est aussi une 
alternative, limitée cependant par la serendipité [17,18]. Certaines de ces synthèses conduisent à des 
espèces hétérométalliques mais nécessitent un environnement spécifique, sous argon or sous 
pression ou avec utilisation de composés très sensibles. La stabilité et/ou la compatibilité avec des 
réactifs protiques et des solvants sont souvent utiles pour des applications dans un milieu aqueux 
« non innocent ». L’introduction de fragments organométalliques dans un squelette POM a été attractif 
depuis de nombreuses années [10,19,20] puisque le fragment organométallique doit conférer une 
nouvelle réactivité à la molécule comparativement à la molécule équivalente toute inorganique. Cette 
stratégie permet l’assemblage sélectif de clusters métalliques mixtes en conditions douces, en utilisant 
souvent un milieu aqueux.  
Depuis de nombreuses années de travail collaboratif, les groupes de recherche de Funda 
Demirhan à Celal Bayar University et de Prof. Rinaldo Poli au LCC-CNRS ont exploré la chimie en 
milieu aqueux des complexes du MoVI et du WVI contenant des ligands pentaméthylcyclopentadiènyles 
(Cp*) [21-27]. Les composés [Cp*2Mo2O5] et [Cp*2W2O5] sont stables à l’air et compatibles en milieu 
aqueux. Connus depuis longtemps [28-34] leur chimie dans l’eau et en solvant n’avait pas été 
explorée avant la collaboration. Une découverte importante était que ces espèces conduisent, en 
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fonction du pH, à de nombreux complexes neutres et chargés dans l’eau tels Cp*MO2(OH), [Cp*MO3]- 
et [Cp*MoO2(H2O)]+, et la liaison Cp*-M demeure intacte. Notamment, il a été découvert de façon 
fortuite que la combinaison de Cp*2Mo2O5 et de molybdates, MoO42-, dans un rapport 
stœchiométrique (1:4) en milieu acide eau-méthanol, conduit sélectivement au polyoxométallate 
organométallique [Cp*2Mo6O17] [35]. L’objectif de cette thèse était d’étendre cette simple synthèse 
mettant en jeu l’auto-assemblage de fragments organométalliques et inorganiques vers de nombreux 
nouveaux polyoxométallates organométalliques de type Lindqvist, et notamment des composés 
métalliques mixtes. Il en a résulté un grand nombre d’espèces polyoxométallates organométalliques 
homo- et hétéro-nucléaires. 
 
1.1. A propos de la structure de Lindqvist 
 
 La structure de Lindqvist (Figure 1) correspond à la formule [M6O19]n-, trouvée dans la série 
complète des ions métalliques (4d et 5d) formant des polyanions (NbV, TaV, MoVI et WVI) ainsi que 
dans un nombre de composés qui possède un mélange de métaux des groupes 5 et 6 [36] Dans les 
polyanions de type Lindqvist, les 19 atomes d’oxygène sont subdivisés en trois groupes: six atomes 
d’oxygène terminaux Ot liés à un atome métallique seulement, douze atomes d’oxygènes µ2 pontants 
Ob et un atome d’’oxygène µ6 central Oc entouré par six atomes métalliques. Chaque atome métallique 
est ainsi entouré d’un atome oxygène terminal, de l’atome d’oxygène central et de quatre atomes 




Figure 1. Représentation “ball and stick” d’un cluster. [M6O19]n- (structure de Lindqvist)  
 
1.2. Synthèse de Polyoxométallates par réaction d’auto-assemblage  
 
Les clusters oxométalliques sont obtenus habituellement par réaction d’auto-assemblage via 
des procédés de condensation acido-basiques mettant en jeu des centres métallique durs et mous 
[10, 11]. Pour les polyoxomolybdates par exemple, [MoO4]2- est un précurseur convenable en solution 
aqueuse alors que les précurseurs [Mo2O7]2- ou α-[Mo8O26]4- (en sels de tétraalkylammonium) sont 
utilisés avec des solvants non aqueux. Par cette voie, de nombreuses espèces dérivées de POMS ont 
pu être obtenues. 
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Comme indiqué précédemment, le composé [Cp*2Mo6O17] a été préparé directement et 
sélectivement par la condensation de [Cp*2Mo2O5] et Na2MoO4 dans une proportion stœchiométrique 




Figure 2. Vue ORTEP du composé Cp*2Mo6O17 [35]. 
 
L’analyse RX d’un monocristal montre que le composé appartient à la famille des complexes 
de Lindqvist, avec les six atomes de molybdène placés au sommet d’un octaèdre (Fig. 2.8). Le 
composé est isostructural et isoélectronique du composé parent Lindqvist [Mo6O19]2- par 
remplacement de deux O2- terminaux par 2 ligands Cp*- sur des atomes de molybdène adjacents. Il y 
a douze atomes d’oxygènes pontants. Quatre oxygènes sont en positions terminales et deux atomes 
de molybdène en positions cis sont liés à des ligands Cp*. La structure est complétée par un atome 
d’oxygène additionnel placé au centre de l’octaèdre. La molécule est située sur un axe 
cristallographique d’ordre 2, qui contient les atomes O(1), O(5) et O(8) [35].  
 
1.3. Dérivés Cyclopentadiènyle d’isopolyanion de type Lindqvist  
 
Bottomley et Chen ont décrit la structure cristalline de [C5Me5O][Mo6Cp*O18] en 1992. Ce 
produit était obtenu à partir d’un mélange de [Cp*2Mo2O5] et [Cp*MoClO2] qui résultait de l’oxydation à 
l’air de [{Cp*Mo(CO)2}2] dans CHCl3 [38]. Ce même anion a été obtenu par une autre préparation 
mettant en jeu l’anion [Cp*MoO3]- et le polyanion complexe [Mo4O10(OMe)4Cl2]2- [19]. 
Les clusters organométalliques neutres M-oxo (M = Mo, W) de haute nucléarité illustrés par 
[Cp*2W6O17] (Figure Figure 3a) et [Cp*6Mo8O16] (Figure 3b) ont été synthétisés par Harper et 
Rheingold en utilisant les méthylarsaoxanes comme agents de transfert d’oxygène. Le composé 
hexanucléaire au tungstène Cp*2W6O17 est le premier exemple de cluster oxydo homonucléaire du 




                   
   a      b 
 
Figure 3. Structures moléculaires de a. Cp*2W6O17 b. Cp*6Mo8O16 [39]. 
 
La géométrie moléculaire du cluster [Cp*2W6O17] est identique à celle de l’analogue au 
molybdène cité précédemment [Cp*2Mo6O17] (Figure 2.8). Il est possible de relier la géométrie à celles 
de [Mo6O19]2- et [Cp*Mo6O18]-, avec lesquels il est possible de considérer une analogie isoélectronique 
et isostructurale [35]. 
 
1.4. Un rappel sur les composés [Cp*2M2O5] (M = Mo, W), précurseurs des POMs synthétisés 
dans cette thèse.  
 
 La chimie organométallique en milieu aqueux est d’un intérêt croissant par son impact “vert”, 
par ses potentielles applications en catalyses et pour ses applications biomédicales. Son 
développement s’est restreint à des systèmes de basse valence pour lesquelles des fonctionnalités 
hydrophiles sont ajoutées sur le ligand pour rendre le système compatible en milieu aqueux. Les 
composés oxo organométalliques font partie d’une famille de composés bien établie. Leur étude 
systématique dans l’eau a reçu peu d’attention. Cependant, la fonction métal oxo est à relier aux 
ligands hydroxo et aqua, ceci à travers des équilibres de protonation, conduisant à une solubilité 
potentielle en milieu aqueux, ainsi qu’à la génération de sites de coordinations ouverts pour une 
activation du substrat et une catalyse. En plus, la plus grande électronégativité des métaux trouvée 
dans les états d’oxydation plus grands confère un haut degré de covalence aux liaisons métal-
carbone avec des ligands à nombre pair d’électrons (i.e. alkyles, allyles, cyclopentadiènyles, etc.) qui, 
par voie de conséquence, pourraient être plus résistants vis-à-vis de la décomposition par hydrolyse. 
Pour un métal aux propriétés rédox actives, la réduction d’un complexe oxo à haute état d’oxydation 
devrait favoriser la génération de ligands aqua, ouvrant la voie à des applications (électro)catalytiques 
[22,40,41].  
Les complexes à haut degré d’oxydation sont souvent stabilisés par un ligand électronégatif 
hautement π-donneur de type oxo (et aussi par le ligand isoélectronique imido, sulfido, etc.). 
Formellement, un ligand oxo n’est rien de plus qu’une molécule d’eau doublement déprotonée 
(Schéma 1), et la sagesse conventionnelle nous dit que l’augmentation de l’état d’oxydation d’un 
métal augmente l’acidité des H lies à l’oxygène, stabilisant la forme oxo. D’un autre côté, les 
complexes aqua seront plus favorisés dans les bas degrés d’oxydation. Ainsi, un métal rédox actif 
offre différentes manières pour activer un ligand oxo par transformation en ligand aqua (une source 
17 
 
pratique d’un site de coordination ouvert) par réduction, ou pour transformer une molécule d’eau en un 
agent de transfert d’oxygène par oxydation. La plus grande électronégativité des états d’oxydation les 
plus hauts confère un degré de covalence plus grand aux liaisons résultantes métal-carbone, qui 
pourrait devenir par voie de conséquence résultant en conditions hydrolytiques [40]. 
 Les composés organométalliques à haut degré d’oxydation font partie d’une famille de 
composés bien établie, supportés le plus souvent par des ligands oxo. Le travail fondateur a été fait 
par Cousins et Green avec la synthèse de Cp2Mo2O5 et les recherches associées, [42,43]. Certains de 
ces composés organométalliques à haut degré d’oxydation ont montré des applications catalytiques 
intéressantes. Cependant, les recherches ont eu lieu pour la plupart avec utilisation de solvants 
organiques et peu d’éléments sont connus à propos de leur comportement dans l’eau [35]. En 
particulier, l’activité catalytique de composés organométalliques oxomolybdiques pour l’époxydation 
d’oléfines [44] a récemment attiré un nouvel intérêt [45-48]. Dans cette section, nous examinerons le 
développement des précurseurs organométalliques des nouvelles espèces polyoxométalliques 



















Schéma 1- Le cas particulier des ligands oxydo et leur conversion en ligands hydroxido et aqua.  
  
1.5. A propos du précurseur [Cp*2Mo2O5]  
 
 Quelques-uns des premiers exemples de composés organométalliques de haut degré 
d’oxydation sont les dérivés du molybdène de formule générale (Cycle)2Mo2O5 (Cycle = ligand 
cyclopentadiènyle substitué), développés en premier dans le laboratoire de M. L. H. Green pour le 
ligand cyclopentadiènyle [42,43,49]. 
 Le composé [Cp*2Mo2O5] (Cp* = C5Me5) (stable à l’air et dans l’eau) a été obtenu pour la 
première fois avec un rendement de 40% par oxydation à l’air du précurseur Cp*Mo(CO)2(NO), qui 






Figure 4. Structure de Cp*2Mo2O5.  
 
 Un peu plus tard, une nouvelle synthèse de [Cp*2Mo2O5] était rapportée à partir de 
[Cp*Mo(CO)2]2 (69% rendements, Equation 3.2) et la structure a été établie par diffraction de rayons X 
[29]. La synthèse décrite par Faller et Ma conduisait au produit [Cp*MoO2Cl] comme contaminant (15-
20 % du produit brut). Ces autres composés organométalliques ont conduit à des cristaux jaune-
orangé stables à l’air [29]. [Cp*2Mo2O5] a été aussi obtenu à partir de [Cp*MoBr(CH3)(NO)]2 encore 
par oxydation à l’air sans spécifier les rendements, [32] ainsi que par une lente oxydation à l’air d’une 
suspension de [{Cp*Mo(CO)2(OMe)}n] dans le THF avec un rendement de 7.5% [31]. 
 En utilisant une stratégie différente, l’hydrolyse basique par NaOH de Cp*MoCl4 conduit à 
l’air au produit en deux étapes via l’intermédiaire [Cp*MoO2Cl], les rendements de chaque étape étant 
de 78% pour [Cp*MoO2Cl] et 82% pour [Cp*2Mo2O5]. En absence d’air, Cp*MoCl4 réagit rapidement 
avec une solution aqueuse de NaOH pour conduire de façon propre au composé du Mo(V) 
[Cp*MoOCl2]. En présence d’air, l’oxydation a lieu pour donner le complexe Mo(VI) [Cp*MoO2Cl] Un 
réaction similaire utilisant [Cp*MoO2Cl] et un excès de NaOH(aq) dans l’acétone donnait [Cp*2Mo2O5] 
avec 82 % de rendement [33]. L’autre hydrolyse alternative utilisant tBuNH2 avec Cp*MCl4 (M = Mo, 
W) conduit au meme produit final en deux étapes, via l’intermédiaire [tBuNH3][Cp*MO3], avec des 
rendements par étape de 68% et 58%, respectivement pour M = Mo et des rendements de 80% et 
67% quand M=W [33]. L’hydrolyse de [Cp*MoCl4] a été rapportée pour la première fois en 1990 par K. 
Umakoshi et K. Isobe in 1990, en présence de nombreux sels sodiques de molybdène, tungstène et 
vanadium [50], mais le rendement isolé de [Cp*2Mo2O5] était plus faible que dans l’étude citée plus 
avant de Rau et al, 1993. Une autre approche hydrolytique par protonolyse de [Cp*M(NtBu)2Cl] (M = 
Mo, W) avec une solution aqueuse de HCl a été rapportée par Sundermeyer and co-workers in 1992. 
La synthèse conduit au complexe final pentaoxo avec un grand rendement (98% pour Mo ou 81% 
pour W) [34]. 
 Des investigations récentes de l’équipe toulousaine ont montré que des solutions jaunes de 
[Cp*2Mo2O5] dans le mélange méthanol/eau deviennent pratiquement incolores après traitement à la 
soude, et ces solutions basiques redeviennent jaunes après abaissement du pH de la solution par 
ajout d’acide forts. Ceci était interprété comme un transfert de proton réversible qui conduit au 
trioxoanion [Cp*MoO3]- (Équation 1) [27].  
 
[Cp*2Mo2O5]   +  2 OH-                           2 [Cp*MoO3]-  +  H2O     Équation 1 
 







 A partir de cette observation, [Cp*2Mo2O5] était obtenu après acidification de solutions 
aqueuses de Na[Cp*MoO3] par CH3COOH. Le sel Na[Cp*MoO3] est généré en une seule étape à 
partir de [Cp*MoCl4] et plus de NaOH aqueux à l’air. Quelques quantités minimes de [Cp*MoO2]2 
étaient aussi isolées dans cette réaction, la formation de ce sous-produit pouvant être réduite en 
utilisant une procédure d’hydrolyse basique en deux étapes [27].   
 
1.6. A propos du précurseur [Cp*2W2O5]  
 
 Le composé [Cp*2W2O5] était obtenu pour la première fois par Faller et Ma in 1988 par 
oxydation à l’air de [Cp*W(CO)2]2 dans le benzène avec un rendement de 14% [29]. Dans une autre 
contribution, les meme auteurs ont exploré la chimie des dérivés Cp*Mo et Cp*W de haut état 
d’oxydation [51]. Il a été montré que [Cp*WCl4] reagit avec tBuNH2 à l’air pour former le trioxoanion 
[Cp*WO3]-, isolé sous forme de sel de tertiobutylammonium (rendements de 80%). Le traitement de ce 
sel avec de l’acide acétique aqueux conduit à [Cp*2W2O5] avec un rendement de 67% [33].  
 Tout comme l’analogue au molybdène, la protonolyse de [Cp*W(NtBu)2Cl] avec une solution 
aqueuse de HCl conduit au composé dinucléaire attendu avec de hauts rendements (81%) (Équation 
2) [34]. 
 
2Cp*W(NtBu)2  +  5 H2O  +  2 HCl  →  [Cp*WO2]2(µ-O)  +  4 [tBuNH3]Cl   Équation 2  
 
1.7. Nouvelles méthodes synthèse des précurseurs [Cp*2Mo2O5] et [Cp*2W2O5] 
 
 Dans le groupe de recherche à Toulouse, une nouvelle méthode de synthèse de [Cp*2Mo2O5] 
et [Cp*2W2O5] plus efficace en temps a été décrite récemment. Ces travaux ont permis aussi d’obtenir 
les structures RX des complexes Na[Cp*MoO3]·5H2O et [Cp*2W2O5] [24].  
 Le temps considérable nécessaire pour cette synthèse, en plus du besoin de réactifs 
sacrificiels (MeI et PCl5 or PhICl2) nous a encouragés à trouver une méthode de préparation plus 
directe et plus simple. La méthode consiste à convertir le matériel de départ [M(CO)6] en trois simples 
étapes sans isoler d’intermédiaires et en utilisant des oxydants peu onéreux (tBuOOH or H2O2). 
Dans la première étape, les composés hexacarbonyles sont convertis en Na[Cp*M(CO)3] dans du 
THF. Dans une seconde étape, le mélange est dilué dans de l’eau (M= W) or en milieu soude 
aqueuse (M= Mo) et directement traité avec 6 équivalents. de ROOH (R = tBu or H) pour transformer 
l’anion [Cp*Mo(CO)3]- en un autre anion de formule [Cp*MoO3]-. Dans la troisième et dernière étape, 
l’acidification d’une solution aqueuse des sels Na[Cp*MO3] conduisent aux composés purs [Cp*2M2O5] 
avec de grands rendements isolés (rendements globaux à partir de [M(CO)6], pour R = tBu: Mo, 91%; 
W, 87%) [24].   
Le composé Na[Cp*MoO3], obtenu comme produit brut de la procédure d’oxydation en 
conditions basiques, pouvait être cristallisé à partir de THF chaud. Ce composé cristallise avec deux 
ions [Cp*MoO3]- indépendants dans l’unité asymétrique [24]. Des cristaux de [Cp*2W2O5] (Figure 5) 
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one été obtenus par oxydation du Na[Cp*W(CO)3] avec H2O2, suivi par une recristallisation dans un 




Figure 5. Vue ORTEP de Cp*2W2O5 [24].   
 
2. RESULTATS et DISCUSSION  
 
2.1. Nouveaux polyoxométallates neutres. 
 
2.1.1. Synthèse et caractérisation 
 
 Les composés neutres organométalliques polyoxométallés de type Lindqvist [Cp*2M6O17] (M = 
Mo, W) (Tableau 1) ont été préparés directement et sélectivement par la condensation of [Cp*2M2O5] 
et Na2MO4 dans un rapport stœchiométrique approprié en solution aqueuse méthanol/eau (Équation 
3). Les composés mixtes [Cp*2M2M’4O17] (M, M’ = Mo, W), one été préparés par la même procédure 
par condensation de [Cp*2M2O5] et Na2M’O4. Tous les complexes ont été obtenus avec un bon 




Composé M M’ 
Cp*2Mo6O17       (1) Mo    Mo 
Cp*2W2Mo4O17  (2) W Mo 
Cp*2Mo2W4O17  (3) Mo W 
Cp*2W6O17            (4) W W 
 
[Cp*2M2O5] + 4 M’O42- + 8 H+  [Cp*2M2M’4O17]  +  4 H2O      Équation 3 
 
 Les composés hexanucléaires organopolyoxométalliques adoptent un arrangement 
octaédrique des six atomes métalliques de type Lindqvist (Figure 6). Chaque atome M est lié à un 
Cp*, chaque atome M’à un groupe terminal oxydo. Tous les bords des octaèdres possèdent des 
oxygènes pontants, il existe un atome additionnel central (μ6-O) lié à tous les atomes métalliques, 
peremattant l’écriture simplifiée du composé comme [(Cp*M)2(M’O)4(μ2-O)12(μ6-O)]. La structure a été 
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décrite précédemment pour le membre Mo6, obtenu par décomposition serendipiteuse d’une solution 




Figure 6. Structure schématique des composés [(Cp*M)2(M’O)4(μ2-O)12(μ6-O)] (M, M’ = Mo,W). 
 
 Le mélange d’une solution méthanolique de [Cp*2M2O5] (insoluble dans l’eau pure mais 
soluble dans une solution methanol/eau) et d’une solution aqueuse de Na2MO4 (4 équivalents) conduit 
aux produits sous forme de précipités fins immédiatement après l’acidification du milieu. La couleur 
des composés varie d’orange-marron à jaune-vert, en fonction du rapport Mo/W. Un contact direct 
avec des matériels métalliques (spatules ou aiguilles de seringues) doit être évité. En effet, cela 
engendre la réduction des composés avec un assombrissement de la couleur des composés vers le 
vert. Ces composés sont insuffisamment solubles dans les solvants communs pour pouvoir être 
caractérisés par RMN ou électrochimie, mais ils pourraient être caractérisés par des méthodes 
analytiques à l’état solide. (IR, ATG et diffraction RX sur poudre). 
 Des travaux précédents ont montré que la liaison Cp*–Mo de Cp*2Mo2O5 est robuste et 
supporte l’exposition au milieu aqueux dans la totalité de la zone de pH, au moins pendant un temps 
raisonnable [52]. Des études analogues avec les complexes du tungstène n’ont pas été faites, mais 
les liaisons W-ligand sont souvent plus fortes que pour les analogues du molybdène. Ainsi, il n’est pas 
surprenant que les fragments Cp*M soient transférés de façon intacte à partir des matériaux de départ 
[Cp*2M2O5] vers les produits. Les études précédentes ont aussi montré que le complexe [Cp*2Mo2O5] 
s’ionise dans l’eau et conduit aux espèces [Cp*MoO2]+ et [Cp*MoO2(H2O)]+ à bas pH [52,53]. Une fois 
encore, le comportement de l’analogue tungstique sous les mêmes conditions n’a pas été étudié mais 
il peut être supposé parallèle au molybdène. Ainsi, la synthèse peut être vue comme l’assemblage de 
fragments organométalliques [Cp*MO2]+ et d’espèces inorganiques [M’O4]2-, régulés par la 
stœchiométrie et le pH. 
 Ces produits sont stables dans l’eau à bas pH. En augmentant le pH, le solide se redissout 
dans le milieu, doucement à pH=6, plus rapidement à un pH plus fort, en régénérant possiblement un 
mélange des produits de départ (la formation de [Cp*2Mo2O5] était confirmé par infrarouge sur le 







2.1.2. Caractérisation infrarouge 
 
 La spectroscopie infrarouge est un outil de caractérisation des polyanions, spécialement 
quand ils possèdent une haute symétrie, comme dans le cas des anions de Lindqvist M6O192- (M = 
Mo, W) [54, 55].Le nombre de vibrations observes pour les sels de ces anions est en accord avec le 
groupe d’espace Oh, et une corrélation a pu être établie entre les spectres expérimentaux et calculés 
[56]. La symétrie des systèmes 1–4 est réduite à C2 (en considérant Cp* comme un ligand à rotation 
rapide), avec une symétrie idéale C2v si l’asymétrie des liaisons M–Ob, M’–Ob et M’’–Ob est moyennée. 
Les spectres IR (pour 1–4) dans la région d’élongation des liaisons métal–oxygène sont montrés 
Figure 7, et les absorptions expérimentales les plus importantes sont listées Tableau 2.  
 
Tableau 2 Vibrations observées métal–O [cm-1] dans la région 700–1100 cm-1.  
Cp*2Mo6O17 (1);  Cp*2W2Mo4O17 (2); Cp*2Mo2W4O17 (3); Cp*2W6O17 (4). 
 
1 2 3 4 Attribution
764m 780s 760s 789sh ν[Mt–O–Mt]
794s 797s 793s 799s ν[Mt–O–Mt] 
820m 825sh 820sh 820sh ν[Mt–O–Mt] 
968s 971s 967s 977s νas(M″=O) 
980m 984m 979m 994m ν(M′=O)
 
 
Figure 7. Spectres IR expérimentaux dans la région d’élongation des liaisons Mo–O pour les 
composés 1: [Cp*2Mo6O17]; 2: [Cp*2Mo4W2O17]; 3: [Cp*2Mo2W4O17]; 4: [Cp*2W6O17]. 
 
 Les vibrations terminales M’=Ot et M’’=Ot ont été observées à 950–1000 cm-1; alors que les 
vibrations mettant en jeu les atomes Ob sont dans la plage 750–850 cm-1. 
 Quatre vibrations métal–oxydo (M’=Ot et M’’=Ot) sont attendues. Une d’entre elles, νs(M’=O), 
est très faible parce que les deux liaisons sont essentiellement colinéaires, et le changement de 
moment dipolaire total est petit. La faible intensité est due à la déviation par rapport à la colinéarité et 
à la combinaison avec la vibration νs(M’’=O), aussi de type a1. Cependant, trois bandes importantes 
sont essentiellement observées dans cette région. 
 Les douze liaisons métal-oxygène pontant devraient conduire en principe à douze modes 
normaux, mais seulement trois des six combinaisons asymétriques peuvent être clairement identifiées 
dans le spectre et notamment dans la région typique de l’empreinte digitale, alors que les 
combinaisons symétriques sont localisées dans des fréquences de vibrations plus faibles, combinées 
avec d’autres types de vibrations. Ces bandes sont déplacées vers des hautes fréquences quand un 
ou les deux métaux directement impliqué(s) dans la(les) liaison(s) est (sont) changé(s) du molybdène 
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au tungstène. Expérimentalement, le changement le plus significatif dans cette région est vu comme 
étant le résultat du changement de métal inorganique, alors que le changement du métal 
organométallique ne produit pas d’effet notable. Pour la bande a1 ν[Mt–O–Mt], pour laquelle les 
contributions principales proviennent de M’ et M’’, les effets secondaires du changement de métal sont 
faibles. Toutes les autres bandes observées impliquent une combinaison de M–Ob d’une part, et M’–
Ob ou M’’–Ob d’une autre part, ne rendant pas possible une distinction entre effets primaires et 
secondaires. 
 
2.1.3. Analyses thermogravimétriques  
 
 Après un chauffage jusque 600 °C dans des expériences thermogravimétriques, tous les 
composés perdent totalement leur partie organique, avec une bonne correspondance entre les pertes 
de masse observées expérimentalement et les pertes de masse théoriques, sur la base de l’ Équation 
4. Les pertes sont résumées dans le Tableau 3.  
 Le début de la perte du ligand Cp* a lieu à assez basse température pour [Cp*2Mo6O17] (190 
°C) et [Cp*2Mo2W4O17] (230 °C), pour lesquels les ligands sont lies au molybdène, et des 
températures plus élevées sont nécessaires pour induire la perte du ligand Cp* lié au tungstène (270 
°C pour [Cp*2W2Mo4O17] et 310 °C pour [Cp*2W6O17]). Cependant, un effet secondaire du métal 
inorganique est notable en comparant ces températures pour les couples 
[Cp*2Mo6O17]/[Cp*2W2Mo4O17] et [Cp*2Mo2W4O17]/[Cp*2W6O17]. Curieusement, les deux cycles Cp* 
sont perdus en deux étapes assez distinctes pour le composé [Cp*2Mo6O17], alors qu’une perte plus 
graduelle avec une plus large plage de température est observée pour les trois autres composés. Les 
résidus résultant de la décomposition thermique de [Cp*2Mo6O17] et [Cp*2W6O17] avaient la couleur 
attendue (blanc pour MoO3, jaune pour WO3). Le produit final de la décomposition thermique de 
[Cp*2W2Mo4O17] et [Cp*2Mo2W4O17] est ainsi un matériau oxyde mixte avec une composition 
métallique contrôlée, respectivement Mo2/3W1/3O3 et Mo1/3W2/3O3. 
 
Cp*2MoxW6-xO17 + O2 ⎯→⎯Δ   6 Mox /6W(1-x /6)O3 + “Cp*2O”     Équation 4 
 
Tableau 3 Données ATG pour les nouveaux complexes neutres [Cp*2M2M’4O17]. 
 
Complexe Perte Théorique  (%) Expérimental (%) T de la perte de  Cp*   
Cp*2Mo6O17 (1) 22.7 22.3 190 °C 
Cp*2W2Mo4O17 (2) 19.6 19.3 270 °C 
Cp*2Mo2W4O17 (3) 17.3 19.7 230 °C 
Cp*2W6O17 (4)  15.4 16.3 310 °C 
 
2.1.4. Diffraction RX sur poudre. 
 
 Les structures RX sur monocristal des composés [Cp*2Mo6O17] [35] et Cp*2W6O17 [39] ont déjà 
été déterminées et sont isomorphes (monocliniques) avec des paramètres de maille très similaires. 
Nous avons considéré que le même système cristallin pouvait être adopté par les composés à métaux 
mixtes [Cp*2W2Mo4O17] et [Cp*2Mo2W4O17]. De plus, une étude de diffraction RX sur poudre était aussi 
rapportée pour le composé [Cp*2Mo6O17] obtenu sous forme microcristalline par le procédé de 
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condensation en solution aqueuse. Ce spectre était en concordance avec le spectre calculé à partir 
des données RX obtenues sur monocristal [35].  
 Pour les composés [Cp*2W2Mo4O17] et [Cp*2Mo2W4O17], les spectres de diffraction RX sur 
poudre ont été enregistrés. Le composé [Cp*2W2Mo4O17] était obtenu avec une microcristallinité de 
qualité suffisante pour donner un spectre de poudre bien résolu montré Figure 8. Ce spectre était 
comparé à celui calculé à partir du modèle obtenu en remplaçant les atomes M (remplacement du 
molybdène par le tungstène) dans la structure RX connue du composé [Cp*2Mo6O17]. Tous les pics 
mesurés sont pris en compte pour le modèle, montrant que l’échantillon ne contient pas d’autres 
phases qui diffractent. Tous les essais pour affiner la position des atomes, même en se limitant aux 
atomes métalliques, ne permettait pas d’aller à convergence. Ceci est probablement dû au type de 
géométrie de transmission utilisé pour l’enregistrement des intensités diffractées. .En effet, puisqu’il 
était difficile de synthétiser une grande quantité de poudre (nécéssaire pour un travail en mode 
réflexion), le mode transmission était utilisé sur un échantillon dans un capillaire, et la haute 
absorption empêchait une bonne simulation des intensités diffractées. La géométrie de diffraction 
conduisait aussi à une haute asymétrie des pics à faible angle de diffraction. Cependant, un 
affinement libre des paramètres thermiques des atomes métalliques et un paramètre thermique 
commun pour tous les O et C ont donné des valeurs raisonnables, R = 5.14, Rp = 17.8, Rwp = 17.8 et 




Figure 8. Spectres de diffraction RX sur poudre pour le composé [Cp*2W2Mo4O17]. Ligne pleine du 
haut: spectre expérimental. Ligne pleine centrale: spectre simulé. Ligne pointillés: différence entre les 
deux. 
 
Il est à noter que l’affinement de tous les autres modèles possibles qui correspondent à un 
placement différent du métal, comme attendu pour [Cp*2Mo6O17], [Cp*2Mo2W4O17] et [Cp*2W6O17] ont 
donné des paramètres thermiques plus bas (quand la position du W était modelisée par Mo) ou haute 
(quand la position du Mo était modelisée par W). Les figures de ces structures affinées sont montrées 
Figure 9. Les facteurs R pour ces trois faux modèles étaient plus grands que celle du modèle correct 
([Cp*2Mo6O17]: 6.28%; [Cp*2Mo2W4O17]: 9.04%; [Cp*2W6O17]: 6.51%). Ainsi, les expériences de 
diffraction RX sur poudre ont amené la forte évidence que le composé [Cp*2W2Mo4O17] possède la 
meme structure que celle déterminée précédemment par [Cp*2Mo6O17] et [Cp*2W6O17], dans laquelle 
Mo occupe seulement les sites inorganiques et W occupe seulement les sites organométalliques. Les 




2.2. Nouveaux polyoxométallates organométalliques anioniques. 
 
 Vu le succès de l’auto-assemblage entre les fragments “Cp*M5+” et “M’O4+” (venant 
respectivement de Cp*2M2O5 et M’O42-) dans une proportion 2 :4 (Équation 5) et l’existence de l’ion 
[Cp*Mo6O18]- dans la littérature [38,19] un auto-assemblage de ces mêmes ions dans une proportion 
1:5 pouvait constituer une nouvelle entrée synthétique vers cet ion, ainsi que l’accès aux dérivés 
correspondants du tungstène et les dérivés à métaux mixtes Mo/W, en accord avec la stœchiométrie 
de l’Équation 5. En effet, la réaction des complexes [Cp*2M2O5] avec dix équivalents de Na2M’O4 (M, 
M’ = Mo, W) dans un milieu acide méthanol/eau, suivi par l’addition de bromure de 
tétrabutylphosphonium (Bu4P+), tétrabutylammonium (Bu4N+) ou tétraphénylphosphonium (Ph4P+), ont 
conduit à la synthèse sélective de douze sels des quatre complexes de type Lindqvist de 
[Cp*MM'5O18]- (Tableau 4). Cette synthèse est différente, plus simple et plus efficace que celles 
précédemment rapportées pour l’ion [Cp*Mo6O18]- [38,19]. Les complexes anioniques sont formés à 




Figure 9. Vues des structures affinées pour différent modèles, sur la base des spectres RX sur 
poudre du composé [Cp*2Mo4W2O17].  
 
[Cp*2M2O5] + 10 M'O42- + 18 H+  →  2 [Cp*MM'5O18]- + 9 H2O    Équation 5 
 







Complexe Cluster Bu4P+ Bu4N+ Ph4P+ 
cat[Cp*M6O18] Mo6 Bu4P(Cp*Mo6O18) Bu4N(Cp*Mo6O18) Ph4P(Cp*Mo6O18) 
cat[Cp*W6O18] W6 Bu4P(Cp*W6O18) Bu4N(Cp*W6O18) Ph4P(Cp*W6O18) 
cat[Cp*MoW5O18]. MoW5 Bu4P(Cp*MoW5O18) Bu4N(Cp*MoW5O18) Ph4P(Cp*MoW5O18) 
cat[Cp*Mo5WO18]. Mo5W Bu4P(Cp*Mo5WO18) Bu4N(Cp*Mo5WO18) Ph4P(Cp*Mo5WO18) 
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Les analyses élémentaires sont bonnes pour tous les composés (Tableau 5). Dans la série des 
sels de tétraphénylphosphonium, les complexes Ph4P[Cp*Mo6O18] et Ph4P[Cp*WMo5O18] ont pu être 
isolés sous forme de monocristaux après lente évaporation des produits bruts dissous dans de 
l’acétone. Les structures ont pu être résolues par diffractométrie de rayons X. Les deux structures 
cristallisent dans un groupe d’espace orthorhombique et sont isostructurales. Le composé 
Ph4P[Cp*WMo5O18] était le plus intéressant puisque ce composé est le premier polyoxométallate 
organométallique mixte à avoir été caractérisé. 
 





Couleur Analyse élémentaire. 
théo (exp) % 
   C H N 
Bu4P[Cp*Mo6O18] 81 Vert 24.8 (25.0) 4.1 (3.8) - 
Bu4P[Cp*W6O18] 61 Jaune 17.5 (19.6) 2.9 (2.8) - 
Bu4P[Cp*MoW5O18] 71 vert pale 18.4 (20.0) 3.0 (3.7) - 
Bu4P[Cp*Mo5WO18] 81 vert 23.2 (23.8) 3.8 (3.4) - 
Bu4N[Cp*Mo6O18] 85 orange 25.1 (25.1) 4.1 (4.1) 1.1 (0.3) 
Bu4N[Cp*W6O18] 83 jaune 17.6 (18.7) 2.9 (2.9) 0.8 (0.3) 
Bu4N[Cp*MoW5O18] 84 jaune 18.6 (21.4) 3.0 (3.6) 0.8 (0.9) 
Bu4N[Cp*Mo5WO18] 77 vert 
cristaux jaunes 
23.5 (24.1) 3.9 (3.7) 1.0 (0.5) 
Ph4P[Cp*Mo6O18] - vert 
Cristaux oranges 
-- -- - 
Ph4P[Cp*W6O18] 77 jaune 21.9 (23.08) 1.9 (1.7) - 
Ph4P[Cp*MoW5O18] 56 vert pâle   23.0 (24.98) 1.9 (1.6) - 
Ph4P[Cp*Mo5WO18] 48 Vert pomme 
cristaux jaunes 
28.6 (25.87) 2.5 (2.2) - 
 
2.2.1. Caractérisation IR 
 
Toutes les espèces synthétisées ont été analysées par spectroscopie IR et nous nous sommes 
intéressés plus précisément à la zone 700–1100 cm-1 qui correspond aux vibrations M-O. Les 
vibrations intéressantes ont été listées dans le Tableau 6. 
 
Tableau 6 Vibration M-O des polyanions. 
 
Composés νM=O (cm-1) νMt-O-Mt (cm-1) 
Bu4P[Cp*Mo6O18] 979sh, 967s  798s, 758sh 
Bu4P[Cp*W6O18] 997sh, 972s 892w, 812s 
Bu4P[Cp*MoW5O18] 993sh, 961s 892s, 811s 
Bu4P[Cp*Mo5WO18] 984sh, 961s 796s, 721s 
Bu4N[Cp*Mo6O18] 979sh, 957s  796s, 758sh 
Bu4N[Cp*W6O18] 991sh, 962s  891s, 799s  
Bu4N[Cp*MoW5O18] 991sh, 959s 890s, 803s  
Bu4N[Cp*MoW5O18] 991sh, 959s 890s, 803s  
Bu4N[Cp*Mo5WO18] 984sh, 958s 875w, 798s  
Ph4P[Cp*Mo6O18] 978sh, 967s  899s, 792s, 760sh 
Ph4P[Cp*W6O18] 995sh, 960s 890s, 800s, 721s 
Ph4P[Cp*MoW5O18] 996sh, 957s 800s, 752sh, 722s 
Ph4P[Cp*Mo5WO18] 983sh, 959s 880s, 799s, 722s 
 
En ce qui concerne les vibrations IR, les vibrations dépendent fortement de la nature de l’anion. 
Ainsi, les vibrations M=O apparaissent dans le domaine 930-1000 cm-1. Les vibrations 
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correspondantes à des Mo=O apparaissent vers 980 et 970 cm-1 alors que les W=O apparaissent 
dans des vibrations plus hautes vers 995 et 960 cm-1 [15]. Par contre, les vibrations correspondantes 
aux liaisons M-O-M diffèrent un peu. Ainsi, les anions qui possèdent des vibrations Mo-O-Mo montrent 
deux vibrations principales vers 796 et 760 cm-1 alors que le composé avec W-O-W possède deux 
vibrations vers 890 et 800 cm-1. Toutes ces observations sont en accord avec ce qui est décrit dans la 
littérature pour de telles vibrations [19,38,57-62]. 
 
2.2.2. Analyses thermogravimétriques  
 
Les comportements des différents sels sont fortement influencés par la nature du cation. Ils 
seront classés ici de cette façon. Toutes les mesures ont été faites jusque 800°C en conditions 
aérobiques. Pour les sels de tétrabutylphosphonium, la perte observée correspond formellement à la 
perte du fragment Cp* et de 4 fragments butyles (Tableau 7). Un bon accord a été trouvé pour la série 
complète entre les pertes de masse provenant de l’expérience et celle provenant de la théorie. 
 
Tableau 7 Pertes de masse observées en ATG sur les sels de tétrabutylphosphonium. 
 
 théorique experimental 
Bu4P[Cp*Mo6O18] 28.8 %; 28.3%. 
Bu4P[Cp*W6O18] 20.3 %; 20.0 %. 
Bu4P[Cp*MoW5O18] 21.4 %; 23.4 %. 
Bu4P[Cp*Mo5WO18] 27 % 28.1 %. 
 
En ce qui concerne les sels de tétrabutylammonium, la perte observée correspond formellement 
à la perte formelle de Bu4NCp*. (Tableau 8). Un bon accord a été trouvé pour la série complète entre 
les pertes de masse provenant de l’expérience et celle provenant de la théorie. 
 
Tableau 8 Pertes de masse observées en ATG sur les sels de tétrabutylammonium. 
 
 théorique expérimental 
Bu4N[Cp*Mo6O18] 30.4 %; 30.5 %. 
Bu4N[Cp*W6O18] 21.4 %; 23.5 %. 
Bu4N[Cp*MoW5O18] 22.5 %; 24.2 %. 
Bu4N[Cp*Mo5WO18] 28.4 %; 28.6 %. 
 
Enfin, pour les sels de tétraphénylphosphonium, la perte observée correspond formellement à 
la perte formelle de « Ph4Cp* », avec un bon accord entre données expérimentales et théoriques. 
(Tableau 9). 
 
Tableau 9 Pertes de masse observées en ATG sur les sels de tétraphénylphosphonium. 
 
 théorique expérimental 
Ph4P[Cp*W6O18] 25.4 %; 26.5 %. 
Ph4P[Cp*MoW5O18] 26.6 %; 27.9 %. 




2.2.3. Analyse par spectrométrie de 
masse. 
 
Tous les anions ont été étudiés par 
spectrométrie de masse en utilisant la 
méthode electrospray. Le spectre en mode 
négatif a montré l’ion moléculaire attendu 
[Cp*MM’5O18]- avec la plus grande intensité 
et une distribution isotopique en accord 
avec celui de l’ion simulé (Figure 3). Le 
schéma de fragmentation n’est pas le 
meme pour chaque anion, mais une 
observation générale est la perte du 
fragment neutre Cp* pour conduire à 
[MM’5O18]-, suivi de pertes consécutives de 
fragments MO3 et M’O3. 
 
Figure 3. Massifs isotopiques 
Expérimentaux (gauche) et simulés (droite) 
pour les ions [Cp*MoxW6−xO18]- mesurés pour les composés Bu4N[Cp*Mo6O18], Bu4P[Cp*Mo5WO18], 
Bu4P[Cp*MoW5O18] et Ph4P[Cp*W6O18] par spectrométrie de masse electrospray (mode négatif) en 
solution méthanol/acétone. 
 
2.2.4. Etudes RMN 
 
Les composés ont été étudiés en RMN du 1H pour tous les composés et du 31P pour les 
composés à cation phosphonium. Les spectres RMN 1H des sels de tétrabutylphosphonium (sauf pour 
l’anion [Cp*W6O18]-) ont été measurés dans le DMSO (Tableau 11). (Tableau 10) Le signal 
correspondant au Cp* est observé à 2,2 ppm (quand lié à Mo6) ou 2,4 ppm (quand lié à des composés 
mixtes). Dans tous les composés, l’intégration relative dans des conditions de mesures standard des 
protons du Cp* par rapport à ceux cation ne donne pas une stœchiométrie Cp*/Bu4P 1 :1 attendue. 
Pour les sels de tétrabutylammonium, la RMN du 1H indique les signaux correspondants au 
ligand Cp* et au cation. Les spectres RMN du 1H des sels de tétrabutylammonium ont été mesurés 
dans le DMSO (Tableau 11). Les signaux correspondant au Cp* diffèrent quand lié au molybdène 
(2.10-2.20 ppm) et au tungstène (2.4 ppm). Les mêmes problèmes pour l’intégration ont été reliés au 
même phénomène de temps de relaxation différents. (Tableau 10). Le Cp* résonne aux alentours de 
2.2 quand lié au molybdène et 2.4 quand lié au tungstène. 
Les spectres RMN du 1H des sels de tétraphénylphosphonium (sauf pour l’anion [Cp*Mo6O18]-) 
ont été mesurés dans le DMSO (Tableau 11). Les signaux correspondant au Cp* diffèrent quand lié 








Tableau 10 Données RMN 1H pour les sels de tétrabutyl-phosphonium et ammonium 
 
Composé δ (t, 12H, Me) δ (m, 16H, CH2), δ (m, 8H, CH2) δ (s, Cp*) 
Bu4P[Cp*Mo6O18] 0.92 1.42 2.13-2.20 2.23 
Bu4P[Cp*MoW5O18] 0.92 1.47 2.13-2.20 2.38 
Bu4P[Cp*Mo5WO18] 0.94 1.44 2.14-2.22 2.45 
 δ (t, 12H, Me) δ (m, 8H, CH2), δ (m, 8H, CH2) δ (m, 8H, CH2) δ (s, Cp*)
Bu4N[Cp*Mo6O18] 0.94 1.33 1.60 3.17 2.25 
Bu4N[Cp*W6O18] 0.94 1.33 1.56 3.17 2.40 
Bu4N[Cp*MoW5O18] 0.94 1.32 1.57 3.18 2.11 
Bu4N[Cp*Mo5WO18] 0.94 1.33 1.58 3.19 2.45 
 
Tableau 11 1H NMR results for the Ph4P+ salts 
 
Compound δ  (m, Ar) δ (s, Cp*)
Ph4P[Cp*W6O18] 7.7−7.9 2.60 
Ph4P[Cp*MoW5O18] 7.7−7.9 2.12 
Ph4P[Cp*Mo5WO18] 7.7−7.9 2.45 
 
2.2.5. RMN 31P 
 
Les spectres de RMN 31P des sels de phosphonium montrent un signal unique correspondant 
au cation Bu4P+ à 35.0 ppm. Ceux des sels de tétraphénylphosphonium isolés montrent un signal 
unique à 23.5 ppm qui correspond au cation [63].  
 
2.2.6. Analyse RX sur monocristal 
 
 Les anions Ph4P[Cp*Mo6O18]- et Ph4P[Cp*WMo5O18]- ont donné des monocristaux 
convenables pour des analyses de diffraction RX sur monocristal. Les deux composés sont 
isomorphes et cristallisent avec une molécule d’acétone interstitielle. Les polyanions ont l’arrangement 
octaédrique des six atomes métalliques et des atomes d’oxygène pontants de type Lindqvist avec un 
fragment {Mo=O}4+ de [Mo6O19]2- formellement remplacé par un fragment {Cp*Mo}5+ (dans 
[Cp*Mo6O18]-) ou {Cp*W}5+ (dans [Cp*WMo5O18]-) (Figure 4).  
   
 
                        a         b 
 
Figure 4. Vues ORTEP des ions [Cp*MMo5O18]- ions: (a) M = Mo dans le composé Ph4P[Cp*Mo6O18]; 
(b) M = W dans le composé Ph4P[Cp*WMo5O18]. Les ellipsoïdes sont dessinés avec une probabilité 




Pour ces deux composés, l’unité asymétrique contient une moitié du cluster anionique et une 
moitié de cation avec les atomes Mo1, M4 (M = Mo, W), O1, O4, O8, O11, C3, et C6 situés sur un 
plan de type miroir. La distance Cp*−M est plus courte quand M = W. Toutes les distances 
équivalentes M-O ont des distances similaires dans les deux composés. La symétrie idéale C4v des 
ions est cependant cassée par une distorsion qui rend les fragments pontants Mo−O−Mo asymétrique, 
et cette distorsion est plus prononcée pour le composé Ph4P[Cp*Mo6O18] où l’atome O1 est situé plus 
proche du métal portant le Cp* (Mo4 dans Ph4P[Cp*Mo6O18] et W4 dans Ph4P[Cp*WMo5O18] et donc 
plus éloigné de l’atome opposé Mo1, avec des distances aux atomes équatoriaux Mo2 et Mo3 étant 




 Ce mémoire de thèse a montré deux types de complexes organométalliques. 
La réaction des complexes Cp*2M2O5 avec quatre equivalents de Na2M’O4 (M, M’ = Mo, W) en 
milieu aqueux ont donné la série des oxydes mixtes organométalliques de formule Cp*2MoxW6–xO17 
(for x = 6, 4, 2, 0) L’identité des complexes a été démontrée par analyse élémentaire, analyse 
thermogravimétrique et spectroscopie infrarouge. L’identité moléculaire et la géométrie de 
Cp*2Mo4W2O17 a été démontrée par une correspondance entre le spectre RX sur poudre et un modèle 
obtenu à partir des structures RX précédemment rapportées des composés [Cp*2Mo6O17] et 
[Cp*2W6O17], composés avec lesquels Cp*2Mo4W2O17 est isomorphe. La décomposition thermique des 
composés mixte à conduit à des oxydes métalliques mixtes Mo2/3W1/3O3 et Mo1/3W2/3O3 avec une 
distribution homogène des deux métaux, qui pourraient être d’un grand intérêt pour l’étude de 
l’influence du métal en catalyse hétérogène ainsi que pour des applications chromogènes.  
 La réaction entre [Cp*2M2O5] et Na2M’O4 (M, M’ = Mo, W) dans une proportion molaire 1/10 
dans un milieu acide aqueux a constitué une voie douce et sélective pour l’obtention de la série 
d’oxydes mixtes organométalliques anioniques de type Lindqvist de formule [Cp*MoxW6-xO18]- (x = 0, 
1, 5, 6). Ces sels ont été isolés sous forme de sels de nBu4N+, nBu4P+, et Ph4P+. Ils ont tous été 
caractérisés par analyse élémentaire, spectroscopie infrarouge, analyse thermogravimétrique, RMN 
du 1H pour tous les sels et RMN du 31P pour les sels de phosphonium uniquement, par spectrométrie 
de masse pour chaque anion et par diffractions des rayons X pour les deux composés 
Ph4P[Cp*Mo6O18] et Ph4P[Cp*WMo5O18]. 
 La RMN 1H montre un signal Cp* vers 2,2 ppm quand lié au molybdène et 2,4 quand lié au 
tungstène La RMN du 31P NMR des sels de phosphonium montrent les résonances attendues pour les 
sels correspondants. L’analyse thermogravimétrique varie en fonction de la nature des cations, 
certains étant totalement éliminés pendant la combustion (cas des sels de tétrabutylammonium et 
tétraphénylphosphonium).  
La spectrométrie de masse sur chaque anion a permis d’observer chaque polyanion avec un 





 Polyoxometalates (POMs) are anionic oxide clusters of early transition metal (M = V, Nb, Ta, 
Mo, W, etc) with discrete and versatile structures. These inorganic compounds have attracted much 
attention in the fields of structural chemistry, biological chemistry, catalysis, molecular magnetism, and 
advanced material science [1]. 
 Mixed oxides containing two or more different metals attract interest because of a number of 
different applications in heterogeneous catalysis [2-4] and in the elaboration of chromogenic materials 
[5], the advantage being the tunability of the desired property (reactivity, light absorption, etc.) by 
modification of the nature and relative proportion of the different metals. A drawback is the difficulty to 
obtain materials with a homogeneous metal distribution at the atomic level by the currently applied 
techniques (sputtering, CVD) [6]. For catalytic applications, the use of polyoxometalates (POMs) can 
provide a “molecular scale” model for a better understanding of the interaction between the substrates 
and the oxide surface [7-9]. For several decades, polyoxometallic species have attracted much 
interest because of their great versatility, with applications from biology to materials science and 
catalysis. Numerous research groups worldwide are specialized in the synthesis of these molecules 
with fine control of shape, size and elemental composition [10,11]. One synthetic strategy employs the 
assembly of predefined polyatomic fragments, often performed in organic solvents and with air- and 
water-sensitive organometallic precursors [10,12,13]. Another method uses the grafting of simple 
organic fragments on lacunary oxo clusters [11,14-16]. Hydrothermal synthesis from elementary bricks 
is also an alternative, though limited by serendipity [17,18]. Some of these syntheses lead to 
heterometallic species but need to be performed in a specific environment, that is under argon or 
under pressure or with use of very sensitive species. Stability and/or compatibility with protic reagents 
and solvents are also useful for applications in “non-innocent” aqueous media. The introduction of 
organometallic moieties in a POM framework has attracted considerable attention [10,19,20] because 
the organometallic fragment may impart new reactivity to the molecule relative to the all-inorganic 
equivalents. This strategy also allows the selective assembly of mixed-metal clusters under mild 
conditions, often using aqueous solvents.  
During many years of collaborative work, the research groups of Prof. Rinaldo Poli in LCC-
CNRS and Assoc. Prof. Funda Demirhan in Celal Bayar University have explored the chemistry of 
pentamethylcyclopentadienyl (Cp*) derivatives of MoVI and WVI in aqueous media [21-27]. Compounds 
Cp*2Mo2O5 and Cp*2W2O5 are stable in air and are compatible with aqueous media. They have been 
known for some time [28-34], but their chemistry in water and aqueous solvents had not been explored 
before this collaboration. One important finding is that these species yield a variety of charged and 
neutral complexes in water depending on the pH, such as Cp*MO2(OH), [Cp*MO3]- and 
[Cp*MoO2(H2O)]+, but the Cp*-M bond always remains intact. In particular, during one of the studies 
carried out in the French group, it was fortuitously discovered that the combination of Cp*2Mo2O5 and 
the molybdate ion, MoO42-, with appropriate stoichiometry (1:4) in acidic water-methanol medium, 
yields selectively the organometallic polyoxometalate Cp*2Mo6O17 [35].   
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 The objective of my thesis was to extend this simple synthesis involving self-assembly of 
organometallic and inorganic fragments to a number of different and new organometallic 
polyoxometalates, including mixed-metal ones. As a result of these studies, a wide range of 
organometallic homo- and hetero-nuclear polyoxometalates have been sythesized and characterized. 
The investigation of these materials in water, especially possible for electroactive metals, offers 




2.1. Historical Background of Polyoxometalates  
 
Early transition metals (V, Nb, Ta, Mo, W) in their highest oxidation states are able to form 
metal-oxygen cluster anions, called polyoxoanions or polyoxometalates (POMs) [10]. POM clusters 
can be regarded as soluble oxide fragments and exhibit a great diversity in terms of size, nuclearity, 
and shape. POMs are built from the connection of {MOx} polyhedra, M being a d-block element in high 
oxidation state, usually VIV,V, MoVI, or WVI [64]. It is usually admitted that the first compound of this 
class (the ammonium salt of PMo12O403-) was found by Berzelius in 1826. The first structural 
determination was made by Keggin in 1934 for a phosphotungstic anion and during many years these 
compounds remained only laboratory curiosities. It is only at the end of the 1970’s that catalytic 
studies by many groups around the World put them in the spotlight [65]. While these species have 
been known for almost two centuries, they still attract much attention partly because of their large 
range of applications [64]. In 1998 a special issue of Chemical Reviews was dedicated to POMs, 
showing that they are a large and rapidly growing class of compounds. 
Polyoxometalate (POM) clusters have an unique range of chemical and physical properties, 
acting as a set of transferable building blocks that can be reliably used in the formation of novel 
materials [71]. They play a great role in multiple areas from catalysis, medicine, electrochemistry, 
photochromism, to magnetism, biochemistry (electron transport inhibition). This palette of applications 
is intrinsically due to the combination of their added value properties (redox properties, large sizes, 
high negative charges, nucleophilicity...). Parallel to this domain, the organic-inorganic hybrids area 
has followed a similar expansion during the last 10 years [64,66].Polyoxometalate chemistry continues 
to develop, both as a pure chemical science, and also with many new dimensions in a multidisciplinary 
context interacting with other aspects like materials, nanotechnology, biology, as medicine (anti 
cancer, antiviral and even as insulin mimetic and anti-HIV activity), surfaces, supramolecular materials, 




2.1.1. Classification of Polyoxometalates 
 
POMs are generally classified into three groups: 
 
(1). Isopolyanions (IPAs) (also called isopolyoxometalates), which are oxides of only one 
type of high-valent Group 5 or Group 6 transition metal ions (d0 metal cations), [MmOy]q– [36,68,69].  
 
(2). Heteropolyanions (HPAs) (also called heteropolyoxometalates), have the general 
formula [XrMmOy]q–, where X is the so-called heteroatom (that contain one or more p-, d-, or f-block 
“heteroatoms”) in addition the other ions [68,69]. Typically, a heteropolyanion contains a high atomic 
proportion of one type of transition metal atom, which is called the ‘‘addenda atom’’, and a much 
smaller proportion of other types of atoms that are called ‘‘heteroatoms’’. W, Mo, V, and to a lesser 
extent, Nb, Ta and Re in their highest oxidation states are addenda atoms in many heteropolyanions. 
ln excess of 60 other elements, including most non-metals and transition metals, can function as 
heteroatoms [3]. Both HPAs and IPAs have been prepared and isolated from both aqueous and non 
aqueous solutions [68].  
 
(3) . Molybdenum blue and molybdenum brown reduced POM clusters are related to 
molybdenum blue species, firstly reported by Scheele in 1783. Their composition was largely unknown 
until Müller and coworkers reported the synthesis and structural characterization in 1995 of a very high 
nuclearity cluster {Mo154} (Fig. 2.1a), which has a ring topology, that crystallized from a solution of 
molybdenum blue [70]. Changing the pH and increasing the amount of reducing agent along with 
incorporation of acetate ligands facilitates the formation of a {Mo132} spherical ball-like cluster [71].  
The first spherical nanostructured Keplerate cluster {Mo132}, [Mo132O372(CH3COO)30(H2O)72] (Fig. 2.1b), 
published in 1998 by Müller and his collaborators, is structurally generated by 12 pentagonal 
{(Mo)Mo5O21} groups defining the vertices of an icosahedron connected by 30 [MoV2O4(CH3COO)]+ 
linkers [72]. 
               
a                                                               b 
 
Figure 2.1. Structure of {Mo154}-type cluster and {Mo132}-type cluster, a. Polyhedral representation of 
{Mo154}-type, demonstrating the abundance of pentagonal (Mo)Mo5 units (in blue) 
probably influencing the water structure (Mo2 units in red, Mo1 units in yellow) [73].  
b. Structures of Keplerate [Mo132O372(CH3COO)30(H2O)72]42- polymolybdate clusters [36].   
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Figure 2.2 presents a classification of the polyoxometalate formulas that are presently known, 































The generic building blocks (in boxes with solid black lines) have been isolated as stable 
clusters: W11 isopolyanion, lacunary Keggin (W9X, W10X, W11X), lacunary Dawson (W(18-z)P2), and 
Nb24 isopolyanions. These building blocks can be linked to form higher nuclearity clusters of nuclearity 
n by linkers L that contain a transition metal ion, alkali metals, or heteroions. Thus (W9)n(Lm) is 
composed of n W9 building blocks assembled with several linkers of general formula Lm (the 
heteroatoms X are omitted here). Structural building blocks (in boxes with dashed lines) have not been 
isolated as clusters to date, but can be considered as building blocks for high-nuclearity POMs. These 
are: M5 (one-metal lacunary Lindqvist; M = W, V, Nb), W12P2 (hexavacant lacunary Dawson), and 
M(M5) (pentagonal building blocks; M = Mo, W and Nb). Solid and dashed arrows do not correspond to 
synthetic routes. In a separate category are the noble metal POMs, where X=As for the Pd compound, 
and X=S for the Pt compound [71].  
This periodic table encompasses the nuclearity, type and the broad range of structures 
presently known, Figure 2.3 shows how the structures of polyoxometalates can be broken into three 




Figure 2.3. The principal broad POM subsets. The metal–oxygen framework is shown by sticks (M 




2.1.1.1. Common Structures of Iso- and Heteropolyoxometalates  
 
 The different structures known for some of the most common POMs are shown in Figure 2.4. 
The Lindqvist structure (Fig 2.4a) corresponds to the formula [M6O19]n-, found for the full range of 4d 
and 5d polyanion-forming metal ions (NbV, TaV, MoVI and WVI) and in a number of compounds 
containing a mixture of Group 5 and Group 6 metals [3]. ln the Lindqvist polyanions, the 19 oxygen 
atoms are subdivided into three groups: six terminal oxygen atoms Ot attached to one metal atom 
only, twelve µ2 bridging oxygen atoms Ob and one central oxygen atom Oc surrounded by the six 
metal atoms. Each metal atom has one terminal oxygen atom and is bridged by four different oxygen 
atoms [37].   
 
                 
a                                                     b 
                    
c                                                         d 
                                    
           e      f 
 
Figure 2.4. Polyhedral representations of some common polyoxometalate structures. a. [M6O19]n- 
(Lindqvist-structure), b. [Mo7O24]6-, c. [XM6O24]n- (Anderson-structure), d. [XM12O40]n- 




The structures in Figure 2.4b and c symbolize the structural diversity of compounds with the 
same general formula [M7O24]n-. The bent structure in Figure 2.4b is adopted by the isopolymolybdate 
[Mo7O24]6-, the so called paramolybdate. Heteropolyoxometalates [XM6O24]n- present the Anderson 
structure depicted in Figure 2.4c. Six edge-sharing octahedra are arranged into a planar hexagon 
around the central heteroatom. In this case, X is octahedrally coordinated. The most common 
structure with tetrahedrally coordinated heteroatoms is the Keggin ion of general formula [XM12O40]n- 
(Fig. 2.4d). Four trimetallic groups are arranged around a central tetrahedron. The Dawson structure of 
[X2M18O62]n- (Fig. 2.4e) can be formally considered as the combination of the fragments of two Keggin 
ions. A trimetallic group is withdrawn on each Keggin ion, and the remaining fragments are associated. 
Lacunary structures are obtained by the selective removal of one or more metal ions by addition of 
base. They present open coordination sites which can be connect by other metal or non-metal atoms. 
This strategy is commonly used to modify the structure and properties of POMs [74]. Finally, Preyssler 
ion of general formula [XP5W30O110] are shown in in Figure 2.4f [75]. 
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Figure 2.5. Atom notation (“ball-and-stick”) drawings of representative structural families of POMs: a. 
the hexametalate structure, [M6O19]x- (the charge, x, depends on M); b. Common Keggin 
structure, [XM12O40]x- (the charge, x, depends on the heteroatom, X) (most antiviral POMs 
are of this structural class); c. the Wells-Dawson structure, [X2M18O62]x- (x depends on M); 
d. the Pope-Jeannin-Preyssler (PJP) structure, [MP5W30O110]x- (x depends on the central 
metal ion, M); Atom designations: O = open circle; M = dotted; heteroatoms = parallel line 
or crossed hatched [69]; e. the Anderson structure (dark balls represent metal centres) 




Most heteropolycompounds are based on molybdenum or tungsten while numerous 
isopolycompounds containing vanadium, niobium or tantalum have been described. Modification of 
these compounds can be made easily by removing M=O (mainly M=Mo or W) entities and replacing 
them by other transition metals. New structures were also obtained by joining two (or more) known 
structures via some transition metal ions [65]. Ball-and-stick drawings of representative structural 
families of POMs are represented in Figure 2.5 [69,76,77]. 
 
2.1.1.2. General Synthetic Strategies of Polyoxometalates     
 
Polyoxometalates span the very large gap between the mononuclear metalate species and the 
bulk oxide. The heteroatom templates, heterometallic centers, lacunary building blocks, protonation 
state, cations, and ligands all significantly affect the overall architecture. The architectural style 
principles are almost all empirically based, and an appreciation of the pH dependent speciation of 
metalates can often be the key starting point in the synthesis. Usually, the approaches used to 
produce POM based clusters are simple, consisting of acidifying an aqueous solution containing the 
relevant molybdate and tungstate oxoanions (vanadates tend to be synthesized at high pH). POM 
systems are complex owing to many thousands of combinatorially possible structure types, in which 
each building block can itself adopt a range of potential isomers. Synthetically, the route to produce 
new POM clusters are often very simple synthetic manipulations requiring a small number of steps, or 
even just one step (one-pot syntheses; Figure 2.6). The acidification, for example, of a solution of 
sodium molybdate will give rise to metal oxide fragments, which increase in nuclearity as the pH of the 
solution decreases. This means that traditionally, the aqueous synthesis of the POM cluster is the 
norm, and as such can be in the presence of simple metal cations; however, this approach can be 
extended to organic cations, and the solvent system can be extended to an aqueous/organic solvent 




Figure 2.6. Parameters that are often adjusted in the synthesis/isolation of new POM clusters using   
the multi-parameter one-pot method [71].  
 
The synthetic variables of greatest importance in synthesizing such clusters are; 
1) concentration/type of metal oxide anion,  
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2) pH and type of acid,  
3) ionic strength (type and concentration of electrolyte),  
4) heteroatom type/concentration, 
5) presence of additional ligands,  
6) reducing agent (particularly in the case of the Mo systems),  
7) other basic parameters such as reaction temperature and processing (e.g. microwave, 
hydrothermal, refluxing) [67-71]. 
In particular, the following recent developments in the synthesis of POMs can be used to 
search for new POM systems: 
i) The use of protonated organic ammonium cations results in an inverse cation templation effect, 
which has been used to assemble new POM clusters, hybrids, and framework materials. 
ii) The application of mixed-solvent strategies can lead to the isolation of new clusters, for example, a 
sulfite-based polyoxomolybdate and [(P2O7)W17O51]4-.  
iii) Hydrothermal processing is becoming more popular and controllable, and in particular in the 
synthesis of POM based coordination polymers. However, microwave based syntheses may yet prove 
more predictable than traditional hydrothermal syntheses.  
iv) The use of ionic liquids as solvent/cation directing species for the directed assembly of POMs. This 
is a new concept, with only one report to date. Owing to their high polarity, ionic liquids have great 
potential for directed assembly and this area is sure to expand [71].  
 
2.1.1.3. The Synthesis of Polyoxometalates from Self-assembly Reactions  
 
Oxo clusters are usually obtained in self-assembly via acid-base condensation processes 
involving both hard and soft metal centers [10,11]. For polyoxomolybdates, for instance, [MoO4]2- is a 
convenient precursor in aqueous solutions while [Mo2O7]2- or α-[Mo8O26]4- (as tetralkylammonium salts) 
are used in non-aqueous solvents. A number of alkoxo derivatives of POMs have been obtained in 
this way. Thus the formation of [MnMo6O18{RC(CH2O)3}2]3- (R = CH3, NO2, CH2OH, see Fig. 2.7) 
occurs according to the stoichiometry of Equation 2.1 [78].  
 
3 [Mo2O7]2-  +  2 RC(CH2OH)3  +  Mn3+  →  [MnMo6O18{RC(CH2O)3}2]3-  +  3 H2O  (Equation 2.1) 
 
The procedure also can be applied to organometallic oxides [11], e.g.: 
 
[MoO4]2- + 4 {Ru(η6-arene)}2+     →    [Mo4O16{Ru(η6-arene)}4]     (Equation 2.2)  
 
As stated in the introduction, compound [Cp*2Mo6O17] was prepared directly and selectively by 
the condensation of [Cp*2Mo2O5] and Na2MoO4 in the appropriate stoichiometric ratio in acidic 
aqueous solution, see Equation 2.3 [35]. 
 
2 [Cp*2Mo2O5]  +  4 [MoO4]2-  +  8H+  →  [Cp*2Mo6O17]  +  4H2O    (Equation 2.3) 
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   a      b 
 
Figure 2.7.  Structure of [MnMo6O18{(OCH2)3CNO2}2]3-; a. Thermal ellipsoids, b. Polyhedral 
representation [78]. 
 
The single crystal X-ray analysis shows that the molecule belongs to the Lindqvist family with 
the six Mo atoms placed at the vertices of an octahedron (Fig. 2.8). It is isostructural and isoelectronic 
with the parent Lindqvist [Mo6O19]2- by replacement of two terminal O2- ligand with two Cp*- ligands on 
adjacent Mo atoms. Each of the 12 octahedron edges is bridged by an oxygen atom. Four more 
oxygen atoms are placed on as many Mo atoms in the terminal coordination mode, while the 
remaining two cis-Mo atoms are η5-bonded to Cp* ligands. The structure is completed by an additional 
oxygen atom, placed near the center of the octahedron. The molecule sits on a crystallographic 








2 2. Some Lindqvist–type Polyanions 
 
2.2.1. Some Lindqvist-type Isopolyanions 
 
The polyoxometalates can be considered as aggregates, generally anionic, with a structure 
formed by oxo species of transition metals with one or more bridging oxygen atoms. These structures 
contain at least three metal atoms, in most cases from groups 5 or 6 usually in their highest oxidation 
state with (heteropolyoxometalates) or without (isopolyoxometalates) heteroatoms [65]. A new two-
dimensional (2D) polyoxoniobate K2[Cu(H2O)6]{[Nb6O19][Cu(NH3)]2}8H2O (Fig. 2.9) consists of one 
polyoxoanion {[Nb6O19][Cu(NH3)]2}4-, one [Cu(H2O)6]2+ coordination cation, two K+ cations and eight 
lattice water molecules. In the polyoxoanion of K2[Cu(H2O)6]{[Nb6O19][Cu(NH3)]2}8H2O, the oxygen 
atoms can be divided into four groups: Ot (terminal oxygen atoms just connect with one Nb atom), µ2–
Ob (bridging oxygen atoms connect two adjoining Nb atom), µ3–Ob (the bridging oxygen atom connect 
two Nb atoms and one Cu atom) and Oc (center oxygen atom connect the six NbO6 octahedra) [79]. 
 
 
a                                                    b 
 
Figure 2.9. The polyoxoanion cluster {[Nb6O19][Cu(NH3)]2}4 a. Polyhedral view b. ball-and-stick 
view [79].  
 
Another polyoxoniobate derivative Nb6O19[Cu(2,2′-bipy)]2[Cu(2,2′-bipy)2]2·19H2O (Figure 2.10) 
has been synthesized in aqueous solution by Wang and co-workers [80]. Lindqvist heteropolyanions 
[M’xM6-xO19]n- (M’ = V, Nb, Ta, Mo, M = W, Mo) have been intensively studied since the early 
characterization of Na7HNb6O19·15H2O [81]. ln 2003, Bustos and co-workers reported Lindqvist-type 
polyoxomolybdates derivatized with an aryldiazenido group, (nBu4N)3[Mo6O18(N2Ar)] (Fig. 2.11a) and 
[Mo6O18(N2C6H4-o-NO2)]3- (Fig. 2.11b) [62]. 
Matsumoto and co-workers have isolated [H2Ta6O19]6-, the first protonated hexatantalate (Fig. 
2.12) in 2011 [82] The structural analysis revealed that the protons are attached to OB oxygen atoms 
just like in [H2Nb6O19]6-. This compound was synthesized and isolated as a tetra-n-butylammonium 






Figure 2.10. Nb6O19[Cu(2,2′-bipy)]2[Cu(2,2′-bipy)2]2·19H2O [80].  
 
 
             
             a                 b 
 
Figure 2.11. Molecular structure of a. [Mo6O18(N2C6H-p-CO2H)]32, b. Mo6O18(N2C6H4-o-NO2)]3-.[62].  
 
         




The group of Proust in 2007 has described the potassium salt K4-trans-[Nb6O19{Ru(p-
cym)}2]·14H2O, (p-cym = p-cymene) with two formula entities in the unit cell. The thermal-ellipsoid 
representation of the anion is shown in Fig. 2.13 a, whereas the solid state packing of the anions in 
the lattice, in which π interactions between the aromatic ligands appear, is shown in Fig. 2.13 b [83]. 
 
    
   a      b 
 
Figure 2.13. Presentation of a. trans-[Nb6O19{Ru(p-cym)}2]4- anions. b. The solid state packing of the 
trans-[Nb6O19-{Ru(p-cym)}2]4- anions [83]. 
 
The neutral organometallic oxide clusters [(Cp*M)4V6O19] (M = Rh, Ir) have been obtained by 
aqueous routes from Hayashi et al in 1989 and 1991. A single crystal X-ray analysis showed that 
[(RhCp*)4V6O19]·4CH3CN·H2O contains the vanadate hexamer core (V6O19) [84,85]. These compounds 
can be viewed as one hexavanadate {V6O19}8- unit capped by four Cp*M2+ groups, or alternatively as 
amphiphilic quadruple cubane-type clusters (Figure 2.14). Together with trisalkoxo derivatives they 
represent the only examples of the {V6O19} core. Mixed clusters [(Cp*Rh)4-n(Cp*Ir)nV6O19] (0 ≤ n ≤ 4) 
have been obtained by dissociation and substitution of RhCp* in [(Cp*Rh)4V6O19] [85].[(Cp*Rh)4V6O19] 
catalyses the oxidation of cyclohexene with tert-butyl hydroperoxide to give fundamentally allylic 
oxidation products [86,87].  
 
 
Figure 2.14. Structure of [(Cp*Rh)4V6O19] [88]. 
 
A number of polymetalate derivatives including trisalkoxo ligands of the type {RC(CH2O)3}3- 
(tris; R = Me, NO2, NH2, CH2OH, CHNC(O)CH=CH2) have been synthezied and characterized [89]. In 
44 
 
addition the use of multidentate alkoxy ligand types has proved most fruitful in the development of an 
extensive class of polyoxo alkoxide clusters, [90,91] of which the hexavanadate [V6O19-
3n{(OCH2)3CR}n]x- (n = 2, 3 and 4) species are representative. Chen and Zubieta have been 
synthesized and characterized of the complexes [(n-C4H9)4N]2[V6O13{O2NC(CH2O)3}2] in 1990 [92], 
[Bu4N]2[VO13(OMe)3{(OCH2)3CCH2OH}] in 1993 [93].  
 
2.2.2. Some of Lindqvist-type Heteropolyanions 
 
Various disubstituted Lindqvist-type polyoxotungstate compounds, [M2W4O19]n-, have been 
reported, namely [Nb2W4O19]TMA2Na4(OH2)14(SO4) (TMA: trimethoxyamphetamines), 
[C16H36N]3[HV2W4O19], {[(C8H12)Ir]5(Nb2W4O19)2}[(n-C4H9)4N]3 [94], [CH6N3]4V2W4O19, 
[Al13O4(OH)24(H2O)2]2[V2W4O19]3(OH)2·27H2O [95], Nb2W4O19R[(n-C4H9)4N]3 (R = CH3, CH2CH3, 
CH(CH3)2, C(CH3)3, Si(CH3)3, Si(CH3)2[C(CH3)3] and Si(C6H5)3) [96], Na2Cs2[V2W4O19]·6H2O [97], 
([(CH3)5C5]Rh(Nb2W4O19))2- [98], (C(NH2)3)5H(V2W4O19)H2O [99], Co(H2O)6K2V2W4O19 and 
[Co(H2O)6]2V2W4O19 [100]. 
The alkoxido-titanium pentamolybdate complex [(iPrO)TiMo5O18]3- (Fig. 2.15) has been 
obtained as its tetrabutylammonium (TBA) salt by hydrolysis of a mixture containing (TBA)2[Mo2O7], 
(TBA)4[Mo8O26] and Ti(OiPr)4 in MeCN [101]. 
 
Figure 2.15. Structure of the anion [(iPrO)TiMo5O18]3- [101]. 
 
The first example of disubstituted Lindqvist-type polyoxomolybdate {[V(2,2-bipy)2]2(4,4-
bipy)[Te2Mo4O19]}, has been synthesized hydrothermally and characterized by Wang and co-workers 
in 2008. This compound consists of one disubstituted Lindqvist-type polyoxoanion [Te2Mo4O19]6- 
supporting two organic vanadyl moieties [V(2,2-bipy)2]3+, and one non coordinated [4,4’-bipy] molecule 
as shown in Fig. 2.16a. The [Te2Mo4O19]6- ideal geometry is derived from a regular [Mo6O19]2- ion in 
which two metal centers are replaced by tellurium atoms. So the Lindqvist structure (Fig. 2.16b) is 
constructed from four MoO6 and two TeO6 octahedra, which are fused together to build up a pseudo-
octahedral geometry [81]. 
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a                                                                   b 
 
Figure 2.16.a. ORTEP drawing of the asymmetric unit of the {[V(2,2-bipy)2]2(4,4-bipy)[Te2Mo4O19]} 
compound H atoms are omitted for clearity. b. Structure of the cluster anion 
[Te2Mo4O19]6- [81]. 
 
The mixed-metal Lindqvist ions (M2W4O19)4- (M = Nb, V) with a cis conformation of the two M 
atoms, extensively investigated experimentally by Klemperer and co-workers, are shown in Figure 
2.17 [96,98,102,103].  
 
 
Figure 2.17. Structure of [M2W4O19]4- (M = Nb or V). 
 
Reaction of these hexametalates (Lindqvist type species such as the cis-[Nb2W4O19]4-, [{(η5-
C5R5)Ti}M5O18]3- (M = Mo, W), [M’W5O19]3- (M’ = Nb, Ta) ions) with a number of organometallic 
complexes in nonaqueous solvents yields adducts which have been isolated as tetrabutylammonium 
salts. The cis-[Nb2W4O19]4- forms 1:1 adducts with d6 metal centers such as M(CO)3+ (M= Mn and Re) 
[102,104], Cp*Rh2+ [98], and Ru(Arene)2+ (Arene = C6H6 and p-cymene [105]. As anticipated on the 
basis of previous work by Stucky, using [Nb6O19]8- [106], the [Nb2W4O19]4- ligand is coordinated to the 
metal center by a triangle of three adjacent doubly bridging (M-Ob-M) oxygen atoms. The 17O NMR 
spectroscopy providing conclusive evidence for the three possible diastereomers of 
[(OC)3M·Nb2W4O19]3- (Figure 2.18), while either two- or three-diastereomer mixtures were obtained in 





a   b   c 
 
Figure 2.18. The three diastereomers of [(OC)3Mn·Nb2W4O19]3- [104]. 
 
Contrary to, d8 metal centers such as Rh(NBD)+ from Besecker et al, in 1982 [107], Ir(1,5-
COD)+ from Day’s group in 1990 [108], and M(CO)2+ (M = Rh, Ir) Klemperer and Main in 1990 [103], 
form 5:2 adducts in which two [Nb2W4O19]4- ions are linked together in a face-to-face fashion by five 
organometallic centers (Figure 2.19). The 3:2 adduct [{(OC)2Rh}3(Nb2W4O19)2]5- and the 2:2 adducts 
[{(1,5-COD)Ir}2H(Nb2W4O19)2]5- [103] and [{(OC)2Ir}2H(Nb2W4O19)2]5- have also been characterised. 
The latter contains two [Nb2W4O19]4- ions linked together in a edge-to-edge fashion by two 




Figure 2.19. Structure of the [{(NBD)Rh}5(Nb2W4O19)2]3- anion [107]. 
 
The compound (n-Bu4N)3[{RuCl(1,5-COD)(MeCN)}5{(Nb2W4O19)2]·3H2O, obtained by reaction 
of (n-Bu4N)4[Nb2W4O19]·1.5H2O with [RuCl(COD)(MeCN)3]BF4 in CH2Cl2, was similarly supposed to 
contain two [Nb2W4O19]4- anions, probably linked face-to-face by five organometallic centers [109]. 
Other examples of mixed Nb-W organosilyl derivatives of Lindqvist POMs were synthesized and 
characterized from Bannani and coworkers in 2007 and the molecular structure of the anion 





Figure 2.20. Molecular structure of NbW5O19SiPh32-. Left: combined polyhedral and ball and stick 
model; right: Cameron representation with ellipsoids drawn [110]. 
 
In another study, Bannani and co-workers report that the structures of [(n-C4H9)4N]3NbW5O19 




Figure 2.21. Projection of [(n-C4H9)4N]3MW5O19 (M=Nb or V) structure down the b axis [37]. 
 
The [NbW5O19]3- and [VW5O19]3- anions are isostructural with the parent Lindqvist [W6O19]2- 
and [Nb6O19]8- anions. Examination of the M–O bond distances involving the central, bridging and 
terminal oxygens indicates a distorted octahedral coordination geometry (Table 2.1). Each metal atom 
is displaced from the equatorial plane of the MO6 octahedra towards the terminal oxygens [37]. 
 
Table 2.1. Comparison of M–O average bond distances in (A°) for [M6O19]n- (M=Nb, W) and 
[M’W5O19]3- anions 
 
Anion   M–Oc   M–Ob   M–Ot 
 
[Nb6O19]8-  2.38   2.01   1.77 
[W6O19]2-  2.33   1.92   1.69 
[NbW5O19]3-  2.33   1.93   1.71 




Three mixed-addenda Lindqvist-type polyoxoanion-supported copper complexes; 
[Cu(phen)(H2O)3]2[V2W4O19] (phen: 1,10-phenanthroline) (Fig. 2.22), [Cu(bpy)2][H2V2W4O19]·6H2O 
(bpy: 2,2′-bipyridine) (Fig. 2.23) and [Cu(bpy)(H2O)]2[V2W4O19]·4H2O (Fig. 2.24) were synthesized in 




Figure 2.22. Ball-and-stick representations of [Cu(phen)(H2O)3]2[V2W4O19]. Each [V2W4O19]4- 
polyoxoanion is surrounded by six copper-phen (left) and each [Cu(phen)(H2O)3]2+ 













Gutsul and co-workers reported the synthesis and crystal structure of the novel hexatungstate 
salt [Na(H2O)8]x[Na(H2O)6]2x[N(CH3)4]3-3x[WVW5VIO19], x = 0.69091 in 2010. T. The Na(1) atom is 
surrounded by eight water molecules and its coordination polyhedron is a cube. The structure of the 




Figure 2.25. Fragment of the crystal structure [Na(H2O)8]x[Na(H2O)6]2x[N(CH3)4]3-3x[WVW5VIO19] [112].  
 
Ruthenium complexes containing tri- or bidentate polyoxoanion ligands that contain {(η6-
arene)Ru}2+, {(C8H12)Ru(MeCN)2}2+ or {(C8H12)RuCl(MeCN)}+ fragments have been obtained from 
preformed polyoxoanions, for example [{(p-cymene)Ru}Nb2W4O19]2-, [{(C6H6)Ru}W5O18TiCp*], 
[{(C6H6)Ru}P2Nb3W15O62]7-, [{Ru(C8H12)(MeCN)2}HV4O12]- and [{RuCl(C8H12)(MeCN)}5(Nb2W4O19)2]3-. 
Compound [{Ru(p-cymene)}4Mo4O16], obtained instead by co-condensation of sodium molybdate with 
[{(p-cymene)RuCl2}2] in aqueous solution, exhibits a unique windmill-like geometry [113]. 
Süss-Fink and co-workers reported hexavanadate supported complexes [{ML}4V6O19] where 
{ML}2+ = {Ru(arene)}2+ (arene= p-cymene, C6Me6) or {Cp*Rh}2+, as well as the mixed organometallic 
cluster [{Ru(p-cymene)}4-x(Cp*Rh)xMo4O16] (x = 1, 2) with a the triple-cubane-type structure. With 
sodium vanadate, p-cymene ruthenium dichloride dimer reacts in aqueous solution to give 
organoruthenium oxovanadium cluster [{Ru(η6-p-MeC6H4iPr)}4V6O19] (Equation 2.4 and Fig 2.26) [20]. 
 
2[(η6-p-MeC6H4iPr)4Ru4Cl4] + 6NaVO3 + H2O              [(η6-p-MeC6H4iPr)4Ru4V6O19] + 6NaCl + 2HCl  




               a                                                                      b 
 
Figure 2.26. Molecular structure of [(η6-p-MeC6H4iPr)4Ru4V6O19. a. Hydrogen atoms and two water 
molecules have been omitted for clarity. b. Ru4V6O19 framework with labelling scheme 
[20]. 
 
2.2.3. Cyclopentadienyl Derivatives of Polyoxometalates 
 
Oxo and cyclopentadienyl ligands are σ, 2π bonding ligands, forming one σ and two π-bonds 
with metal orbitals of the same symmetry. Despite this analogy, there are only a few authentic 
cyclopentadienyl polyoxometalates, i.e., species that can be derived from polyoxometalates by 
replacement of oxo ligands by cyclopentadienyl ligands [10]. 
 
2.2.3.1. Cyclopentadienyl Derivatives of Lindqvist-type Isopolyanions  
 
Bottomley and Chen described the crystal structure of [C5Me5O][Mo6Cp*O18] in 1992. This 
product was obtained from a mixture of [Cp*2Mo2O5] and [MoCp*ClO2] resulting from air oxidation of 
[{Cp*Mo(CO)2}2] in CHCl3. Figure 2.27a shows the [C5Me5O]+ cation associated with the [Cp*Mo6O18]- 
anion [38]. The same anion (Fig. 2.27b) resulted from an alternative preparation by self assembly 
between [MoCp*O3]- and oxomolybdenum fragments generated from the [Mo4O10(OMe)4Cl2]2- anion 
[19]. 
                           
               a            b 
Figure 2.27. Molecular structure of a. The [C5Me5O]+ cation associated with [Cp*Mo6O18]- [38]. 
b. Molecular structure of [Cp*Mo6O18]- [19].  
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Neutral, high-nuclearity M-oxo (M = Mo, W) clusters illustrated by Cp*2W6O17 (Figure 2.28a) 
and Cp*6Mo8O16 (Figure 2.28b) were synthesized using methylarsaoxanes as oxygen transfer agents 
by Harper and Rheingold. The reaction scheme is summarized in Scheme 2.1. The hexanuclear W 




         a      b 
 
Figure 2.28. Molecular structure of a. [Cp*2W6017], b. [Cp*6Mo8O16] [39]. 
 
c-(CH3As)5  +  O2   c-(CH3AsO)n
    n=2-5
(Equation 2.5)
 
  [Cp*M(CO)2]2  +  c-(CH3AsO)n
(Equation 2.6)
  Cp*2W6O17






Scheme 2.1. Reaction summary for the synthesis of [Cp*2W6O17] and [Cp*6Mo8O16]. 
 
The molecular geometry of the neutral cluster [Cp*2W6O17] is identical with that of the above 
mentioned molybdenum analogue [Cp*2Mo6O17] (Figure 2.8). The geometry can also be related to 
those of the [Mo6O19]2- and [Cp*Mo6O18]- complexes, with which it can be considered isoelectronic and 
isostructural [35]. 
 
2.2.3.2. Cyclopentadienyl Derivatives of Lindqvist-type Heteropolyanions  
 
Klemperer and his co-workers synthesized the anion [(η5-Cp)Ti(Mo5O18)]3- in 1979 according to 
Equation 2.7 [114,115]. Afterwards, a series of POMs incorporating the (η5-Cp/Cp*)Ti (Cp*= C5Me5) 
cores, such as [(η5-Cp)Ti(W5O18)]3- (Equation 2.8) [115], [(η5-Cp*)Ti(Mo5O18)]3-, [(η5-Cp*)Ti(W5O18)]3-, 
and their protonated compounds were synthesized and characterized. They are good potential 
catalysts due to their high basicity. These studies showed that the Cp* analogs are more stable than 
the Cp ones [114-116].  
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5Mo2O72- + 2(C5H5)2TiCl2 + H2O               2[C5H5Ti(Mo5O18)]3- + 2C5H6 + 4Cl-         (Equation 2.7)
5WO42- + 5H + (C5H5)2TiCl2                 [C5H5Ti(MW5O18)]3- + C5H6 + 2Cl- +  2H2O (Equation 2.8)  
 
POM-incorporated and POM-supported organometallic fragments have attracted much 
attention during the past several decades. For example, the other similar 1:1 adducts, [(η6-
C6H6)Ru·W5O18(TiCp*)]-, [(1,5-COD)Ir·Mo5O18(TiCp)]- (1,5 COD; (η4-C8H12)) [105], and the RuI-RuI 
tetracarbonyl complex [(Cp*Ti)W5O18}2{Ru2(CO)4}]4- [117] have also been synthesized and 
characterized. 
The reaction between [(n-C4H9)4N]2[Mo2O7], Cp*TiCl3, and [(n-C4H9)4N]OH in CH3CN yields 
[(n-C4H9)4N]3[Cp*TiMo5O18]·CH3CN (Equation 2.9 and Figure 2.29a). The similar reaction without [(n-
C4H9)4N]OH yields monoprotonated complex [(n-C4H9)4N]2[HCp*TiMo5O18] (Equation 2.10 and Figure 
2.29b), where, according to a single-crystal X-ray the anion is protonated at one of OMo2 doubly-
bridging oxygens. The reaction of [(n-C4H9)4N]2[HCp*TiMo5O18] with CCl3COOH in CHCl3 followed by 
crystallization from CH3CN/Et2O yields the diprotonated analogue [(n-C4H9)4N][H2Cp*Ti-
Mo5O18]·1/4(C2H5)2O (Figure 2.29c), which contains, according to a single-crystal X-ray diffraction 
study, hydrogen-bonded dimers of [H2Cp*TiMo5O18]- ions (Figure 2.29d) [118]. 
 
5[Mo2O7]2-  +  2Cp*TiCl3  +  2OH-                  2[Cp*TiMo5O18]3-  +  6Cl-  +  H2O               (Equation 2.9)
5[Mo2O7]2-  +  2Cp*TiCl3  +  H2O                    2[HCp*TiMo5O18]3-  +  6Cl-                          (Equation 2.10)  
 
The [Cp*TiMo5O18]3- anion reacts readily with organometallic cations like [(η-C8H12)Ir]+ and [(η-
C8H14)Rh]+ to form the polyoxoanion-supported organometallic compounds [(n-
C8H12)Ir(Cp*TiMo5O18)]2- (Figure 2.30) and [(n-C8H14)Rh(Cp*TiMo5O18)]2- in high yields. The synthesic 
steps are presented below in Equation 2.10 and Equation 2.11 [118]. 
 
[Cp*TiMo5O18]3-  +  [η-C8H12)Ir]+                    [(η-C8H12)Ir(Cp*TiMo5O18)]2-          (Equation 2.10)





                  
                          a                                b    
                   
           c                   d 
 
Figure 2.29. Perspective drawing of a. [(n-C4H9)4N]3[Cp*TiMo5O18]·CH3CN;  
        b. [(n-C4H9)4N]2[HCp*TiMo5O18]; c. [(n-C4H9)4N][H2Cp*TiMo5O18]·1/4(C2H5)2O Oxygen 
atoms are labeled by their subscripts only. d. the [H2Cp*TiMo5O18]22- hydrogen-bonded 




Figure 2.30. Perspective drawing of the [(η-C8H12)Ir(Cp*TiW5O18)]2- anion. Oxygen and carbon atoms 
are represented by white and darkshaded spheres, respectively. Metals atoms are 
represented by small hatched spheres [118]. 
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2.2.3.3. Cyclopentadienyl Derivatives of Other Polyoxometalates 
 
Most heteropolycompounds are based on molybdenum or tungsten while numerous 
isopolycompounds containing vanadium, niobium or tantalum have been described. Modification of 
these compounds can be made easily by removing M=O (mainly M = Mo or W) entities and replacing 
them by other transition metals. New structures were also obtained by joining two (or more) known 
structures via some transition metal ions [65]. Some examples of these compounds are described 
below. 
The lacunary Lindqvist cluster [Mo5O18]6- (obtained by removing one Mo=O group) supports 
three [Ru(C6Me6)]2+ groups in the structure of [{RuII(η6-C6Me6)}2{RuII(η6-C6Me6)(H2O)}Mo5O18]. This 
complex was obtained by reaction of [Ru(C6Me6)Cl2]2 with Na2MoO4 in water or alternatively, with 




Figure 2.31. Structure of [{RuII(η6-C6Me6)}2{RuII(η6-C6Me6)(H2O)}Mo5O18] [113]. 
 
The [Cp*TiW5O18]3- polyanion is also able to create dimeric moieties, like e.g. 
[{RuI(CO)2(Cp*TiW5O18)}2]4- (Fig. 2.32). This light-sensitive compound is produced from 
(Bu4N)3[Cp*TiW5O18] and [Ru2(CO)4(MeCN)6](PF6)2 in CH2Cl2. Both Ru centers are in a distorted 
octahedral coordination with three oxygen atoms of the polyanion and three carbon atoms from two 




Figure 2.32. Suggested structure of [{RuI(CO)2(Cp*TiW5O18)}2]4- Ti = light blue [65]. 
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Reaction of AgNO3 and [Cp*RhCl2]2 in methanol generates in situ the solvated rhodium 
complex [RhCp*(MeOH)3]2+ that, combined with the nitrosyl derivate of the lacunary Lindqvist unit 
[Mo5O13(OMe)4(NO)]3-, yields [RhIIICp*(H2O){Mo5O13(OMe)4(NO)}]- as its tert-butylammonium or tert-
methylammonium salts. The rhodium atom binds only to two axial oxygen atoms of the cluster and 
completes its coordination sphere with a water molecule (Fig. 2.33a). An excess of halide ions in the 
mother liquor during synthesis gives compounds of the type [(RhIIICp*)2(µ-X){Mo5O13(OMe)4(NO)}] 
(Fig. 2.33b) (X = Cl or Br) [119,65]. 
    
                     a                 b 
 
Figure 2.33. Structures of a. [RhIIICp*(H2O){Mo5O13(OMe)4(NO)}]-. b. [(RhIIICp*)2(µ-Br){Mo5O13-
(OMe)4(NO)}] (right) [119]. 
 
The three possible diastereoisomers of [(RhIIICp*)cis-Nb2W4O19]2- (shown in Fig. 2.34) can be 
obtained depending on the synthesis conditions. A mixture of [Cp*RhCl2]2 with (Bu4N)4[cis-Nb2W4O19] 
in CH2Cl2 at room temperature gives isomers I and II. After elimination of the halide anions, 
[(Cp*)Rh(MeCN)3]2+ and [cis-Nb2W4O19]4- in MeCN/CH2Cl2 yield all three isomeric forms in a 1:1:1 ratio 
[65]. 
 
                                    l                                            ll                                  lll 
Figure 2.34. Diastereoisomers of [(RhIIICp*)cis-Nb2W4O19]2-: forms I, II and III [65]. 
 
In addition, some cyclopentadienyl derivatives of Keggin structure were first submitted from Ho 
and Klemperer in 1978. The reaction of CpTiCl3 with preformed W11SiO398- or with W12PO403- at pH 7 or 
with Mo12SiO404- at pH 5 gives CpTiW11SiO395-, CpTiW11PO394- or CpTiMo11SiO395-, respectively [120]. 
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Also, Keana and Ogan have synthesized several cyclopentadienyltitanium-substituted Keggin- and 
Dawson-type heteropolytungstate (HPT) ions [121]. 
 
2.3. Applications of Polyoxometalates 
 
 The first examples of these complexes were discovered in the latter half of the nineteenth 
century, but it is only within the last few decades that the extraordinary variety and numbers of 
polyoxoanion structures, properties, and applications have begun to be recognized [122]. 
 The majority of the applications of POMs are found in the area of catalysis. About 80 -85% of 
patent and applied literature claims or investigates POMs for their catalytic activity or for their 
application in medicine (for example antiviral and antitumor activity) [71]. 
The remaining 15-20% of the applications can be grouped in the categories of Table 2.2 [123]. 
 
Table 2.2. Categories of Applications for POMs. 
 
(Derived from Patent Literature; Excluding Catalysis and Medicine) 
1. coatings      
2. analytical chemistry     
3. processing radioactive waste    
4. separations      
5. sorbents of gases     
6. membranes      
7. sensors      
8. dyes/pigments     
9. electrooptics      
10. dopants in conductive and nonconductive polymers 
11. capacitors 
12. electrochemistry/electrodes 
13. dopants in sol-gel matrixes 
14. cation exchangers 
15. flammability control 
16. bleaching of paper pulp 
17. clinical analysis 
18. food chemistry 
 
2.3.1. Applications of Lindqvist Polyanions 
 
The Lindqvist-type clusters and their functionalized compounds have fascinating chemical 
properties, photophysical properties and diverse practical applications. Because of their potential 
applications in analytical chemistry, electrochemistry, photocatalytic reactions, biological and medical 
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fields, and non-linear optics, experimental investigations of these isopoly oxometalates have 
significantly increased in recent years [124]. 
 New polyanions have some interesting redox properties and have potential applications to 
electrocatalysis. For example Wang et al report the redox properties and the electron transfer process 
of compound [Ni(bpy)3]2[W4V2O19] (Figure 2.35) [125]. 
Lindqvist-type polyoxoniobates, as one of the important subfamily in POM chemistry, have 
attracted increasing interest because their unique characteristics of high basicity and high surface 
charge endow them potential applications in fields such as nuclear-waste treatment, virology and 
base-catalyzed decomposition of biocontaminants. Comparing with the structural and property 
diversities of polyoxotungstates, polyoxomolybdates and polyoxovandates, polyoxoniobates remains 
largely unexplored due to the inertness of niobium species and are mainly dominated by the Lindqvist-
type polyoxoanion units [Nb6O19]8- [126]. 
 
Figure 2.35. Asymmetric unit of the crystal structure of [Ni(bpy)3]2[W4V2O19] [125]. 
 
3. Use of [Cp*2M2O5] (M = Mo, W) as Starting Materials for New POMs Synthesis 
 
 Aqueous organometallic chemistry is attracting growing interest because of its ‘‘green’’ impact 
and because of its potential in catalytic and biomedical applications. Its development, however, has 
mostly been restricted to low-valent systems to which hydrophilic functionalities are added on the 
ligand in order to make the systems compatible with an aqueous environment. Whereas high oxidation 
organometallics, mostly supported by oxo ligands, are now a well established family of compounds, 
their systematic investigation in water has received little attention. Nevertheless, the metal bonded oxo 
functionality is related, through protonation equilibria, to hydroxo and aqua ligands, leading to the 
potential of aqueous solubility and to the generation of open coordination sites for substrate activation 
and catalysis. In addition, the greater metal electronegativity in the higher oxidation states confers a 
higher degree of covalency to the metal carbon bonds with odd-electron carbon ligands (i.e. alkyls, 
allyls, cyclopentadienyls, etc.), which consequently may become quite resistant toward hydrolytic 
decomposition. For a redox-active metal, reduction of a high oxidation state oxo complex should favor 
the generation of aqua ligands, opening the way to catalytic and electrocatalytic applications 
[22,40,41].  
High oxidation state complexes are often stabilized by the highly π-donating and 
electronegative oxo ligand (and also by the isoelectronic imido, sulfido, etc.). An oxo ligand is nothing 
else than a doubly deprotonated water molecule (Scheme 3.1), and conventional wisdom tells us that 
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an increase of the metal oxidation state increases the acidity of the oxygen-bound protons, stabilizing 
the oxo form. Aqua complexes will be more favored, on theother hand, in the lower oxidation states. 
Therefore, a redox-active metal offers ways to activate an oxo ligand by transformation to an aqua 
ligand (a useful source of an open coordination site) upon reduction, or to transform a water molecule 
into a potential oxygen transfer agent upon oxidation. The greater metal electronegativity in the higher 
oxidation states confers a greater degree of covalency to the resulting metal carbon bonds, which 


















Scheme 3.1. The particular case of oxido ligands, their conversion to hydroxido and aqua  
          ligands. 
  
 High oxidation organometallics are now a well established family of compounds, mostly 
supported by oxo ligands. Pioneering work in this area was carried out by Cousins and Green, with the 
synthesis and subsequent investigations of Cp2Mo2O5 [42,43]. Some of these high oxidation state 
organometallic compounds exhibit interesting catalytic applications. Nonetheless, their investigation 
has so far mostly involved the use of organic solvents and very little is known about their behaviour in 
water [35]. In particular, the catalytic activity of organometallic oxo molybdenum compounds in olefin 
epoxidation [44] has recently attracted renewed interest [45-48]. In this section, the development of 
starting materials will be examined. These starting compounds have been used for new 
polyoxometalates synthesis. 
 
3.1a. [Cp*2Mo2O5] Compound 
 
 Some of the earliest examples of high oxidations state organometallics are the molybdenum 
derivatives of general formula (Ring)2Mo2O5 (Ring = substituted cyclopentadienyl ligand), first 
developed in laboratory of M. L. H. Green for the parent cyclopentadienyl system [42,43,49]. 
 Compound [Cp*2Mo2O5] (Cp* = C5Me5) was first obtained in 40 % yields by aerial oxidation of 
Cp*Mo(CO)2(NO), a precursor that must itself be prepared from commercially available starting 
materials (Equation 3.1 and Figure 3.1). [Cp*2Mo2O5] is stable in both water and air [28]. Later on, a 
new synthesis of [Cp*2Mo2O5] was reported starting from [Cp*Mo(CO)2]2 (69 % yields, Equation 3.2) 
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and the structure was established by X-Ray diffraction (Figure 3.2) [29]. Rheingold and Harper 
obtained the same compound from [Cp*Mo(CO)2]2 by reaction with a toluene solution of cyclo(CH3As)5 

















Figure 3.1. Structure of [Cp*2Mo2O5].  
 





Figure 3.2. ORTEP view of [Cp*2Mo2O5] [29]. 
 
 The synthesis described by Faller and Ma also yielded [Cp*MoO2Cl] as a contaminant (about 
15-20 % of the crude product). This other organometallic compounds yields air stable, orange - yellow 
crystals [29]. [Cp*2Mo2O5] was also obtained from [Cp*MoBr(CH3)(NO)]2 in unspecified yields, again 
by aerial oxidation, the sythesis steps being shown in Equation 3.3. [32] and by slow aerial oxidation of 















 Using a different strategy, basic (NaOH) hydrolysis of Cp*MoCl4 in air yields the product in 
two-steps via the [Cp*MoO2Cl] intermediate, the reported yield of each step being 78 % for 
[Cp*MoO2Cl] and 82 % for [Cp*2Mo2O5]. In the absence of air, Cp*MoCl4 rapidly reacts with NaOH (aq) 
to cleanly yield the Mo(V) compound [Cp*MoOCl2], but in the presence of air oxidation occurs to give 
the Mo(VI) complex [Cp*MoO2Cl] (Equation 3.4, 3.5). Similar reaction using [Cp*MoO2Cl] and an 
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Scheme 3.2. Reaction of [Cp*MoOCl2] and [Cp*Mo(O2)Cl] compounds with excess NaOH (aq). 
 
 The other alternative hydrolysis using tBuNH2 yields with Cp*MCl4 (M = Mo, W) the same final 
product in two-steps via the [tBuNH3][Cp*MoO3] intermediate, with yields of 68 % and 58 %, 
respectively (the tungsten analogue is similarly prepared via the [tBuNH3][Cp*WO3] intermediate in  















M = Mo (%68), W (%80)                    (Equation 3.6) 
 
             The hydrolysis of [Cp*MoCl4] was first reported by K. Umakoshi and K. Isobe in 1990, in the 
presence of a variety of Na salts of Mo, W and V (Equation 3.7) [50], but the isolated yields of 





Cp*MoCl4    +     NaxMOy Cp*2Mo2O5
(NaxMOy = Na2MoO4, Na2WO4, NaVO3)  
 
 An alternative hydrolytic approach by protonolysis of [Cp*M(NtBu)2Cl] (M = Mo, W) with 
aqueous HCl was reported by Sundermeyer amd co-workers in 1992 (Equation 3.8). The synthesis 
affords the final pentaoxo complex in high yield (98% yield for Mo or 81 % yield for W) [34]. 
 
2Cp*M(NtBu)2  +  5 H2O  +  2 HCl  →  [Cp*MO2]2(µ-O)  +  4 [tBuNH3]Cl  (Equation 3.8) 
  
 More recent investigations in the Toulouse laboratory have shown that yellow [Cp*2Mo2O5] 
solutions in MeOH/H2O become nearly colorless upon treatment with NaOH, and the resulting basic 
solutions turned yellow once more when the pH was lowered by addition of strong acids. This was 
interpreted as a reversible proton transfer process, yielding the trixoanion [Cp*MoO3]- (Equation 3.9) 
[27]. 
 
[Cp*2Mo2O5]   +  2 OH-                           2 [Cp*MoO3]-  +  H2O    (Equation 3.9) 
 
 Based on this observation, [Cp*2Mo2O5] was obtained by CH3COOH acidification of aqueous 
solutions of [Cp*MoO3]−Na+, the latter being generated in a single step from [Cp*MoCl4] and more than 
5 equiv. of aqueous NaOH in air (Equation 3.10). Minor quantities of [Cp*MoO2]2 were also isolated 
from this reaction, although the formation of this by-product may be reduced by using a two-step basic 






 In the same study, compounds [4Cp2Mo2O5], [‘’’Cp2Mo2O5], and [4CpMoO2Cl] were also 
prepared in good yields, in addition to the by-product [Cp’’’MoO2]2. X-ray structures were reported for 
compounds [4Cp2Mo2O5], [Cp’’’2Mo2O5], [Cp*MoO2]2, [Cp’’’MoO2]2, and [4CpMoO2Cl] (4Cp: C5HiPr4, 
Cp’’’: C5H2 tBu3-1,2,4) (Figure 3.3) [27]. 
 
        
   a              b 
 
Figure 3.3. ORTEP views of the molecular structure of a. [4Cp2Mo2O5] ((4Cp: C5HiPr4),  
       b. [Cp’’’2Mo2O5] (Cp’’’: C5H2 tBu3-1,2,4) [27]. 
 
3.1b. [Cp*2W2O5] Compound 
 
 Compound [Cp*2W2O5] was obtained for the first time by Faller and Ma in 1988 by aerial 
oxidation of [Cp*W(CO)2]2 in benzene in 14 % yield (Figure 3.4) [29]. In a subsequent contribution, the 
same authors expanded the synthetic chemistry of high oxidation state Cp*Mo and Cp*W derivatives 
as shown in Schemes 3.3 and 3.4. [51]. In section 3.1a it was already shown (Equation 3.6) that 
[Cp*WCl4] reacts with tBuNH2 in air to form the trioxido anion [Cp*WO3]-, which was isolated as the 
[tBuNH3]+ salt (yields of 80 %). Subsequent treatment of this salt with aqueous acetic acid yielded 










































































 As for the Mo analogue, protonolysis of [Cp*W(NtBu)2Cl] with aqueous HCl also yields the 
dinuclear pentaoxido product in high yealds (81 %) (Equation 3.12) [34]. 
 
2Cp*W(NtBu)2  +  5 H2O  +  2 HCl  →  [Cp*WO2]2(µ-O)  +  4 [tBuNH3]Cl          (Equation 3.12) 
 
3.2. Novel Synthetic Method for [Cp*2Mo2O5] and [Cp*2W2O5] 
 
 In our group, a new and more time efficient sythesis of [Cp*2Mo2O5] and [Cp*2W2O5] has been 
described more recently, including the X-ray structural analyses of Na[Cp*MoO3]·5H2O and 
[Cp*2W2O5] [24].  The considerable time investment required for this synthesis, in addition to the need 
of sacrificial reagents (MeI and PCl5 or PhICl2) has encouraged finding a more direct and simpler 
preparative method. This consists of the conversion of the [M(CO)6] starting material, in three simple 
steps without isolation of any intermediate and using inexpensive oxidants (tBuOOH or H2O2). In the 
first step, the hexacarbonyl compounds are converted to Na[Cp*M(CO)3] in refluxing THF. Then, in the 
second step, the mixture is diluted with water (W) or aqueous NaOH (Mo) and directly treated with 6 
equiv. of ROOH (R = tBu or H) to transform the [Cp*Mo(CO)3]- anion into the [Cp*MoO3]- anion. In the 
third and final step, acidification of an aqueous solution of the Na[Cp*MO3] salts affords 
spectroscopically pure [Cp*2M2O5] in high isolated yields (global yields from [M(CO)6], for R = tBu: Mo, 
91 %; W, 87 %) [24].  
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 These syntheses are summarized and compared with the older, longer syntheses in Scheme 
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Scheme 3.6. Synthetic procedure for [Cp*2W2O5]. 
 
Compound Na[Cp*MoO3], obtained as a crude product from the oxidation procedure under 
basic conditions, could be crystallized from hot THF (Figure 3.5). The compound crystallizes with two 
independent [Cp*MoO3]- ions in the asymmetric unit. The corresponding Na+ ions are octahedrally 
surrounded by water molecules, three of which (defined by atoms O1, O3 and O5) are shared by the 
two Na atoms in a face-sharing bioctahedral (FSBO) arrangement. In addition, the sodium atoms Na1 
and Na1i of two different asymmetric units, related to each other by an inversion center, share two 
additional water molecules (those defined by O2 and O2i), forming a central edge-sharing bioctahedral 






Figure 3.5. ORTEP view of compound Na[Cp*MoO3]·5H2O [24]. 
 
Suitable single crystals of [Cp*2W2O5] (Figure 3.6) were obtained by oxidation of 
















4. RESULTS and DISCUSSION  
 
4.1. New Neutral Polyoxometalates 
 
4.1.1. Synthesis and Characterization 
 
 Neutral organometallic Lindqvist-type polyoxometallic (group 6 metal) compounds [Cp*2M6O17] 
(M = Mo, W) were prepared directly and selectively by the condensation of [Cp*2M2O5] and Na2MO4 in 
the appropriate stoichiometric ratio in acidic aqueous solution (see Equation 4.1). New mixed type 
Lindqvist-type polyoxometallic compounds [Cp*2M2M’4O17] (M, M’ = Mo, W), were prepared by the 
same procedure by the condensation of [Cp*2M2O5] and Na2M’O4. All complexes were obtained in high 
yield and purity. 
 






 The compounds are hexanuclear organopolyoxometallic species and adopt a Lindqvist-type 
octahedral arrangement of the six metallic atoms, as shown in Figure 4.1. Each M atom bears a 
terminal Cp* and each M’ atom bears an oxido group. All edges of the octahedron are oxo-bridged, 
and there is an additional central (μ6-O) atom bonded to all metal atoms, thus the formula can be 
written as [(Cp*M)2(M’O)4(μ2-O)12(μ6-O)]. This structure has been described before for the Mo6 
member, obtained by serendipitous decomposition of an acidic solution of [Cp*MoO2(H2O)]+ (see 




Figure 4.1. Structure of the [(Cp*M)2(M’O)4(μ2-O)12(μ6-O)] compounds (M, M’ = Mo, W).  
 
Compound M M’ 
Cp*2Mo6O17       (1) 
Cp*2W2Mo4O17  (2) 
Cp*2Mo2W4O17  (3) 
Cp*2W6O17            (4) 










 Mixing a methanol solution of Cp*2M2O5 (this compound is insoluble in pure water but soluble 
in aqueous methanol solutions) and an aqueous solution of Na2MO4 (4 equiv.) yields the products as 
fine precipitates immediately after acidification. The colour of the compound varies from orange-brown 
to yellow-green, depending on the Mo/W ratio. Direct contact with metallic materials (i.e. spatulas or 
syringe needles) causes reduction with strong darkening of the compound’s colour towards green and 
should therefore be avoided. The compounds are insufficiently soluble in common solvents for 
characterization by techniques such as NMR or electrochemistry, but they could be characterized by 
solid-state analytical methods (IR, TGA and powder X-ray diffraction). 
 The products are stable in water at low pH. Upon raising the pH, however, the solid 
redissolves in the medium, slowly at pH 6, faster at higher pH, possibly regenerating a mixture of the 
starting materials (the formation of [Cp*2Mo2O5] was confirmed by IR on the isolated residue).  
 
4.1.2. IR Characterization 
 
 Infrared spectroscopy is a good characterization tool for polyanions, especially when they 
possess high symmetry, as in the case of M6O192- Lindqvist anions (M = Mo, W) [54,55]. The number 
of vibrations observed for salts of these anions agrees with the Oh space group, and a correlation 
between the experimental and calculated spectra could be established [56]. The symmetry of systems 
1–4 is reduced to C2 (considering Cp* as a rapidly rotating ligand), with an ideal C2v symmetry if the 
M–Ob, M’–Ob and M’’–Ob asymmetry is averaged. The observed (for 1–4) IR spectra in the metal–
oxygen stretching region are shown in Figure 4.2, and the most prominent absorptions are listed in 
Tables 4.1 (experimental).  
 
Table 4.1. Selected IR absorptions for the [Cp*2M2M’4O17] compounds (observed metal–O vibrations 
in the 700–1100 cm-1 region).  
 
Cp*2Mo6O17 Cp*2W2Mo4O17 Cp*2Mo2W4O17 Cp*2W6O17 Assignment 
764m 780s 760s 789sh ν[Mt–O–Mt] 
794s 797s 793s 799s ν[Mt–O–Mt] 
820m 825sh 820sh 820sh ν[Mt–O–Mt] 
968s 971s 967s 977s νas(M″=O) 






Figure 4.2. Experimental IR spectra in the Mo–O stretching region for compounds  
 1: [Cp*2Mo6O17]; 2: [Cp*2Mo4W2O17]; 3: [Cp*2Mo2W4O17]; 4: [Cp*2W6O17].  
 
 The terminal M’=Ot and M’’=Ot vibrations have been observed: 950–1000 cm-1; whereas the 
vibrations involving the Ob atoms are in the 750–850 cm-1 range. 
 Four terminal metal–oxo (M’=Ot and M’’=Ot) vibrations are expected. One of them, νs(M’=O), is 
very weak because the two bonds are essentially colinear, and the overall dipole moment change is 
small. The 12 metal–(bridging O atom) bonds yield in principle 12 normal modes, but only three of the 
six asymmetric motions can be clearly identified for the observed spectrum in the typical “fingerprint 
region”, while the symmetric motions are located at lower frequency and combined with other types of 
vibrations. These bands also shift to higher frequency when one or both metals directly implicated in 
the bond(s) is (are) changed from Mo to W. Experimentally, the most significant change in this region 
is seen as a result of changing the inorganic metal, whereas changing the organometallic one 
produces hardly any effect. For the a1 ν[Mt–O–Mt] band, to which the main contributions come from M’ 
and M’’, the secondary effect of changing M is small. All other observed bands involve a combination 
of M–Ob on one side and M’–Ob or M’’–Ob on the other side, thus a distinction of primary and 
secondary effects is not possible.  
 
4.1.3. TGA Measurements 
 
 Upon warming up to 600 °C in thermogravimetric experiments conducted in air, all compounds 
undergo complete loss of their organic part, with a good match between experimentally observed and 
theoretical mass losses on the basis of Equation 4.2. 
 The results of the TGA of compounds [Cp*2Mo6O17] and [Cp*2Mo2W4O17] are shown in Figure 
4.3, whereas those of [Cp*2W2Mo4O17] and [Cp*2W6O17] are given in Figure 4.4. The onset of the Cp* 
ligand loss occurs at lower temperatures for [Cp*2Mo6O17] (190 °C) and [Cp*2Mo2W4O17] (230 °C), in 
which these ligands are bonded to Mo, whereas higher temperatures are necessary to induce loss of 
the Cp* bonded to W (270 °C for [Cp*2W2Mo4O17] and 310 °C for [Cp*2W6O17]). A secondary effect of 
the inorganic metal, however, is notable by comparing these temperatures for the couples 
[Cp*2Mo6O17]/[Cp*2W2Mo4O17] and [Cp*2Mo2W4O17]/[Cp*2W6O17]. Curiously the two Cp* rings are lost 
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in two quite distinct and sharp steps for compound [Cp*2Mo6O17], whereas a more gradual loss within 
a broader temperature range is observed for the other three compounds. The resulting residues from 
[Cp*2Mo6O17] and [Cp*2W6O17] had the expected colour (white for MoO3, yellow for WO3). The final 
product of the thermal decomposition of [Cp*2W2Mo4O17] and [Cp*2Mo2W4O17] is thus a mixed-metal 
oxide material with controlled metal composition, Mo2/3W1/3O3 and Mo1/3W2/3O3, respectively. 




Figure 4.3. TGA plots for compounds [Cp*2Mo6O17] (left) and [Cp*2Mo2W4O17] (right). The solid curves 
correspond to the percent weight loss (left y axes) and the dashed curves to the heat flow 
(right y axes).  
 
                
Figure 4.4. TGA plots for compounds [Cp*2W2Mo4O17] (left) and [Cp*2W6O17] (right). Blue curve: 
relative mass loss (left y axes); pink curves: heat flow (right y axes).  
 
 All of the TGA data for the neutral [Cp*2M2M’4O17] complexes have been summarized in Table 
4.2. 
 
Table 4.2. TGA datas for the new neutral [Cp*2M2M’4O17] complexes. 
 
Complex Theoretical loss (%) Experimental (%) T of Cp* loss  
Cp*2Mo6O17        (1) 22.7 22.3 190 °C 
Cp*2W2Mo4O17 (2) 19.6 19.3 270 °C 
Cp*2Mo2W4O17 (3) 17.3 19.7 230 °C 




4.1.4. X-Ray Powder Diffraction 
 
 Single-crystal X-ray structures have already been determined for compounds [Cp*2Mo6O17] 
[35] and Cp*2W6O17 [39] and shown to be isomorphous (monoclinic) with very similar unit cell 
parameters. We therefore considered that the same crystal system may also be adopted by the mixed-
metal compounds [Cp*2W2Mo4O17] and [Cp*2Mo2W4O17]. Furthermore, an X-ray powder diffraction 
study was also reported for compound [Cp*2Mo6O17], as obtained in microcrystalline form by the same 
condensation process depicted in Equation 4.1 in aqueous solution, and shown to match with the 
pattern calculated from the single-crystal data [35]. 
 For the [Cp*2W2Mo4O17] and [Cp*2Mo2W4O17] compounds, powder X-ray diffraction patterns 
were measured. Compound [Cp*2W2Mo4O17] was obtained in sufficient microcrystalline quality to give 
a well-resolved powder spectrum, shown in Figure 4.5. This pattern was compared with that calculated 
from the model obtained by changing the M atoms from Mo to W in the known X-ray structure of 
compound [Cp*2Mo6O17]. All measured peaks are accounted for by the model, showing that the 
sample does not contain any other diffracting phases. All subsequent attempts to refine the atom 
positions, even when restricted only to the metal atoms, did not lead to convergence. This is probably 
due to the transmission geometry used for recording the diffracted intensities. Indeed, since it was 
difficult to synthesize a high quantity of powder (necessary for working in the reflection mode), the 
transmission mode was used on a sample in a capillary, and the high absorption prevented a good 
simulation of the diffracted intensities. The diffraction geometry also resulted in high peak asymmetry, 
as most clearly visible for the most intense peaks at low angles. However, free refinement of the 
thermal parameters of the metal atoms and of a common thermal parameter for the C and O atoms 
gave very reasonable values, with R = 5.14, Rp = 17.8, Rwp = 17.8 and a Bragg R factor of 13.82. 
 It is notable that refinement of all other possible models corresponding to the metal placement 
as expected for [Cp*2Mo6O17], [Cp*2Mo2W4O17] and [Cp*2W6O17] gave unreasonably low (when the W 
position was modelled by Mo) or high (when the Mo position was modelled by W) thermal parameters. 
Figures of these refined structures are shown in the Figure 4.6. The R factors for the three wrong 
models were slightly greater ([Cp*2Mo6O17]: 6.28%; [Cp*2Mo2W4O17]: 9.04%; [Cp*2W6O17]: 6.51%) than 
those for the correct model. Thus, the powder X-ray diffraction experiment provides strong evidence 
that compound [Cp*2W2Mo4O17] has the same structure previously determined for [Cp*2Mo6O17] and 
[Cp*2W6O17], in which Mo occupies solely the inorganic sites and W occupies solely the organometallic 
sites. The same conclusions concerning the structure and the site selectivity can reasonably be 






Figure 4.5. Powder X-ray diffraction patterns for compound [Cp*2W2Mo4O17]. Solid line (top): 





Figure 4.6. Views of the refined structures for different models on the basis of the powder X-ray 
diffraction patterns of compound [Cp*2Mo4W2O17].  
 
4.2. New Anionic Polyoxometalates  
 
 We have shown in previous chapter the success of the aqueous self-assembly between the 
“Cp*M5+” and “M’O4+” fragments (from Cp*2M2O5 and M’O42-, respectively) in a 2:4 ratio according to 
Equation 4.1. Since a similar compound, i.e. the [Cp*Mo6O18]- ion [38,19], existed in literature, an 
analogous self-assembly of the same ions in a 1:5 ratio could constitute a new synthetic entry into the 
same ion, as well as allow access to the related W and mixed-metal Mo/W derivatives, according to 
the stoichiometry of Equation 4.3. Indeed, the reaction of the bis(pentamethylcyclopentadienyl)-
pentaoxidodimetal complexes [Cp*2M2O5] with ten equivalents of Na2M’O4 (M, M’ = Mo, W) in an acidic 
aqueous medium, followed by addition the Bu4P+, Bu4N+ or Ph4P+ as bromide salts, have resulted in 
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the selective synthesis of twelve salts of the four anionic Lindqvist-type complexes [Cp*MM'5O18]- (see 
Table 4.3). This synthesis is different, simpler and more efficient than those previous reported for the 
[Cp*Mo6O18]- ion [38,19]. The anionic complexes are formed at room temparature, in a 
methanol/aqueous medium and in air without taking any special precautions. Single crystals of 
Ph4P[Cp*Mo6O18] (synthesis is given in 5.2.3.1c) and Ph4P[Cp*WMo5O18] (synthesis is given in 
5.2.3.4c) have been obtained and anlyzed by X-ray diffraction.  
 
Cp*2M2O5  +  10M'O42-  +  18H+ 2[Cp*MM'4O18]
-  +  9H2O (Equation 4.3)  
 








4.2.1. Elemental Analyses and Physical Properties of Anionic Polyanions 
 
 The new polyanions have been synthesized and the experimental part is written in section 
5.2.3. The analytical data for novel polyanionic complexes are summarized in Table 4.4.   
 
Table 4.4. Elemental analysis results and physical properties for the polyanionic complexes 
 
Complex Yield % Colour E.A. calcd (found) % 
C                        H                   N 
Bu4P[Cp*Mo6O18] 81 Green 24.8 (25.0) 4.1 (3.8) - 
Bu4N[Cp*Mo6O18] 85 Orange 25.1 (25.1) 4.1 (4.1) 1.1 (0.3) 
Ph4P[Cp*Mo6O18] 100 Green, Crystals: Orange - - - 
Bu4P[Cp*W6O18] 61 Yellow 17.5 (19.6) 2.88 (2.8) - 
Bu4N[Cp*W6O18] 83.5 Yellow 17.6 (18.7) 2.9 (2.9) 0.8 (0.3) 
Ph4P[Cp*W6O18] 77 Yellow 21.9 (23.1) 1.9 (1.7) - 
Bu4P[Cp*MoW5O18] 71 Pale green 18.4 (20.0) 3.0 (3.7) - 
Bu4N[Cp*MoW5O18] 84 Yellow 18.6 (21.4) 3.0 (3.6) 0.8 (0.9) 
Ph4P[Cp*MoW5O18] 56 Pale green   23.0 (25.0) 2.0 (1.6) - 
Bu4P[Cp*Mo5WO18] 81 Green 23.2 (23.8) 3.8 (3.4) - 
Bu4N[Cp*Mo5WO18] 77 Green, Crystals: Yellow 23.5 (24.1) 3.9 (3.7) 1.0 (0.5) 
Ph4P[Cp*Mo5WO18] 48 Green, Crystals: Yellow 28.6 (25.9) 2.5 (2.2) - 
 
4.2.2. IR Characterization 
 
All the measurements were done on Perkin Elmer Instrument FT-IR system/ spectrum BX, 
using KBr pellets in 4000-400 cm-1. The terminal M′=Ot and M″=Ot vibrations have higher frequency 
(observed, 950−1000 cm-1), than the M−Ob−M vibrations (observed 750−890 cm-1) for all compounds. 
Most of the bands are shifted to high wavenumbers when replacing Mo with W [15]. The observed 
Complex Cluster Bu4P+ Bu4N+ Ph4P+ 
cat[Cp*M6O18] Mo6 Bu4P(Cp*Mo6O18) Bu4N(Cp*Mo6O18) Ph4P(Cp*Mo6O18) 
cat[Cp*W6O18] W6 Bu4P(Cp*W6O18) Bu4N(Cp*W6O18) Ph4P(Cp*W6O18) 
cat[Cp*MoW5O18]. MoW5 Bu4P(Cp*MoW5O18) Bu4N(Cp*MoW5O18) Ph4P(Cp*MoW5O18) 
cat[Cp*Mo5WO18]. Mo5W Bu4P(Cp*Mo5WO18) Bu4N(Cp*Mo5WO18) Ph4P(Cp*Mo5WO18) 
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frequencies for the [Cp*MoxW6-xO18]- anions in the tetrabutylammonium salts are very close to those 
observed for the tetrabutylphosphonium salts, indicating a minor effect of the counterion on the 
electronic properties of the anions. The same trends are observed (vide infra).  
 
4.2.2.1. [Cp*Mo6O18]- anions  
 




Figure 4.7. Red line: Bu4P[Cp*Mo6O18], Blue line: Bu4N[Cp*Mo6O18], Green line: Ph4P[Cp*Mo6O18].       
 
Some selected IR absorptions for the [Cp*Mo6O18]- anions are given in Table 4.5. For the 
Bu4P[Cp*Mo6O18] compound, the bands at 979sh and 967s cm-1 can be attributed to the ν (M=O) and 
the other bands at 798s and 758sh cm-1 can be attributed to the ν (Mt-O-Mt). All these observations 
are consistent with what is described in the literature for such vibrations [19,62]. For the 
Ph4P[Cp*Mo6O18] compound, the bands at 978sh and 967s cm-1  can be attributed to the ν (M=O) and 
the bands at 899s, 792s and 760sh cm-1 can be attributed to the ν (Mt-O-Mt). All these observations 
are consistent with what is described in the literature for such vibrations [19,38,62]. 
 
Table 4.5. Selected IR absorptions for the [Cp*Mo6O18]- anions (observed metal–O vibrations in the 







Compounds νM=O (cm-1) νMt-O-Mt (cm-1) 
Bu4P[Cp*Mo6O18] 979sh, 967s 798s, 758sh 
Bu4N[Cp*Mo6O18] 979sh, 957s 796s, 758sh 
Ph4P[Cp*Mo6O18] 978sh, 967s 899s, 792s, 760sh 
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4.2.2.2. [Cp*W6O18]- anions 
 




Figure 4.8. Red line: Bu4P[Cp*W6O18], Blue line: Bu4N[Cp*W6O18], Green line: Ph4P[Cp*W6O18].       
 
Some selected IR absorptions for the [Cp*W6O18]- anions are given in Table 4.6. For the 
Bu4P[Cp*W6O18] compound, the bands at 997sh and 972s cm-1 can be attributed to the ν (M=O) and 
the other bands at 892w and 812s cm-1 can be attributed to the ν (M-O-M). All these vibrations are 
consistent with equivalent bonds described in the literature [57-59]. For the Ph4P[Cp*W6O18] 
compound, the bands at 995sh and 960s cm-1 can be attributed to the ν (M=O) and the other bands at 
890s, 800s and 721s cm-1 can be attributed to the ν (Mt-O-Mt). All these vibrations values are 
consistent with what is described in the literature for such bonds [14,59]. 
 
Table 4.6. Selected IR absorptions for the [Cp*W6O18]- anions (observed metal–O vibrations in the 











Compounds νM=O (cm-1) νMt-O-Mt (cm-1) 
Bu4P[Cp*W6O18] 997sh, 972s 892w, 812s 
Bu4N[Cp*W6O18] 991sh, 962s 891s, 799s  
Ph4P[Cp*W6O18] 995sh, 960s 890s, 800s, 721s 
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4.2.2.3. [Cp*MoW5O18]- anions  
 




Figure 4.9. Red line: Bu4P[Cp*MoW5O18], Blue line: Bu4N[Cp*MoW5O18],  
      Green line: Ph4P[Cp*MoW5O18].       
 
Some selected IR absorptions for the [Cp*MoW5O18]- anions are given in Table 4.7. For the 
Bu4P[Cp*MoW5O18] compound, the bands at 993sh and 961s cm-1 can be attributed to the ν (M=O) 
and the other bands at 892s and 811s cm-1 can be attributed to the ν (Mt-O-Mt). All these vibrations 
are consistent with equivalent bonds described in the literature [62,57,59]. For the Ph4P[Cp*MoW5O18] 
compound, the bands at 996sh and 957s cm-1 can be attributed to the ν (M=O) and the other bands at 
800s, 752sh and 722s cm-1  can be attributed to the ν (Mt-O-Mt). 
 
Table 4.7. Selected IR absorptions for the [Cp*MoW5O18]- anions (observed metal–O vibrations in the 












Compounds νM=O (cm-1) νMt-O-Mt (cm-1) 
Bu4P[Cp*MoW5O18] 993sh, 961s 892s, 811s 
Bu4N[Cp*MoW5O18] 991sh, 959s 890s, 803s  
Ph4P[Cp*MoW5O18] 996sh, 957s 800s, 752sh, 722s 
77 
 
4.2.2.4. [Cp*Mo5WO18]- anions  
 




Figure 4.10. Red line: Bu4P[Cp*Mo5WO18], Blue line: Bu4N[Cp*Mo5WO18],  
        Green line: Ph4P[Cp*Mo5WO18].    
 
 Some selected IR absorptions for the [Cp*Mo5WO18]- anions are given in Table 4.8. For the 
Bu4P[Cp*Mo5WO18] compound, the bands at 984sh and 961s cm-1 can be attributed to the ν (M=O) 
and the other bands at 796s and 721sh cm-1 can be attributed to the ν (Mt-O-Mt). For the 
Ph4P[Cp*Mo5WO18] compound, the bands at 983sh and 959s cm-1 can be attributed to the ν (M=O) 
and the other bands at 880s, 799s and 722s cm-1 can be attributed to the ν (Mt-O-Mt). All these 
vibrations values are consistent with what is described in the literature for such bonds [19,14,60].  
 
Table 4.8. Selected IR absorptions for the [Cp*Mo5WO18]- anions (observed metal–O vibrations in the 







4.2.3. TGA Measurements 
 
 Upon warming up to 800 °C in thermogravimetric experiments conducted in air, all compounds 
undergo complete loss of their organic part, with a good match between experimentally observed and 
theoretical mass losses.  
Compounds νM=O (cm-1) νMt-O-Mt (cm-1) 
Bu4P[Cp*Mo5WO18] 984sh, 961s 796s, 721s 
Bu4N[Cp*Mo5WO18] 984sh, 958s 875w, 798s  
Ph4P[Cp*Mo5WO18] 983sh, 959s 880s, 799s, 722s 
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4.2.3.1. Bu4P+ salt of [Cp*MoxW6-xO18]- (x = 0, 1, 5, 6) anions      
 
The TGA spectrum for Bu4P[Cp*Mo6O18] is shown in Figure 4.11. The compound loses a mass 
formally corresponding to 4 Bu and Cp* groups; (calcd. 28.8 %; found 28.3%). Same loss type is 
observed for Bu4P[Cp*W6O18] crystals (Figure 4.12). Within the temperature range 376 °C to 492 °C, 
the compound loses a mass corresponding to 4 Bu and Cp* groups; (calcd. 20.3 %; found 20.0 %). 
Identically, The TGA spectrum for Bu4P[Cp*MoW5O18] crystals (Figure 4.13) exhibits a loss mass 
corresponding to 4 Bu and Cp* groups; (calcd. 21.4 %; found 23.4 %). Finally, as for the complete 
series, TGA of Bu4P[Cp*Mo5WO18] crystals (Figure 4.14), within the temperature range 256 0C to 475 


















Figure 4.14. TGA of Bu4P[Cp*Mo5WO18].  
 
4.2.3.2. Bu4N+ salt of [Cp*MoxW6-xO18]- (x = 0, 1, 5, 6) anions      
 
All tetrabutylammonium salts follow the same trend. TGA spectrum for Bu4N[Cp*Mo6O18] is 
shown in Figure 4.15. Within the temperature range 226 0C to 500 0C, the compound loses a mass 
formally corresponding to Bu4NCp* (calcd. 30.4 %; found 30.5 %). Within the TGA spectrum of 
Bu4N[Cp*W6O18] shown in Figure 4.16. The mass lost formally corresponds to Bu4NCp* (calcd. 21.4 
%; found 23.5). Identically, Within the temperature range 273 0C to 800 0C, TGA spectrum for 
Bu4N[Cp*Mo5WO18] crystals (Figure 4.17 shows a mass loss formally corresponding to Bu4NCp* 
(calcd. 28.4 %; found 28.6 %). TGA spectrum for Bu4N[Cp*MoW5O18] is shown in Figure 4.18. Within 
the temperature range 100 0C to 500 0C, the compound loses a mass formally corresponding to 




Figure 4.15. TGA of Bu4N[Cp*Mo6O18].  
 
              
 
Figure 4.16. TGA of Bu4N[Cp*W6O18]. 
 
 





Figure 4.18. TGA of Bu4N[Cp*MoW5O18].  
 
4.2.3.3. Ph4P+ salt of [Cp*MoxW6-xO18]- (x = 0, 1, 5, 6) anions 
 
As for tetrabutylammonium salts, tetraphenylphosphonium salts follow same loss type. TGA 
spectrum of Ph4P[Cp*W6O18] is shown Figure 4.19. Between 100 °C and 530 °C, the lost part 
corresponds formally to Ph4PCp* (calcd. 25.4 %; found 26.5 %). Within the temperature range 253 °C 
to 800 0C, the TGA spectrum of Ph4P[Cp*MoW5O18] is shown Figure 4.20 exhibits a mass loss 
correponds formally to Ph4PCp*; calcd. 26.6 %; found 27.9 %. In the case of theTGA spectrum of 
Ph4P[Cp*Mo5WO18] shown Figure 5.21, the mass loss corresponds formally to the Ph4PCp* part 

















4.2.4. Mass Spectroscopy Measurements  
All anions were also investigated by mass spectrometry using electrospray method. The 
spectrum in negative mode showed the expected molecular ion as the highest intensity envelope, with 
an isotopic pattern in agreement with the simulation. The fragmentation pattern is not identical for each 
type of anion, but as a general feature we can observe loss of the Cp* fragment to yield [MM’5O18]-, 
followed by subsequent loss of both MO3 and M’O3. A general fragmentation patters is schematically 
shown in Scheme 4.1. 
 
 
Scheme 4.1. A general fragmentation pattern for the anions of compounds ([Cp*Mo6O18]-, [Cp*W6O18], 
[Cp*WMo5O18]-, [Cp*MoW5O18]-) in the mass spectrometer (negative mode). 
 
4.2.4.1. [Cp*Mo6O18]- anions 
 
 A few of the new anionic compounds were characterized by mass spectrometry. Compound 
Bu4P[Cp*Mo6O18] (Mw: 1278.29 g/mol) was characterized by mass spectrometry (MS) in 
acetone/methanol solution. As shown in Figure 4.22a, the electrospray ionisation MS spectrum in the 
negative mode shows the anion [Cp*Mo6O18]- (observed m/z at 999.8; theor m/z 999.5) at relatively 
low intensity. Other intense fragments are found at m/z 863.8 ([Mo6O18]-, theor m/z 864.3), 593.8 
([Mo3O17(MeOH)]-, theor m/z 593.7) and 577.8 ([Mo3O16(MeOH)]-, theor m/z 577.7).  
The compound Bu4N[Cp*Mo6O18] (Mw: 1241.3 g/mol) was characterized by mass 
spectrometry (MS) in acetone/methanol solution. As shown in Figure 4.23a, the electrospray ionisation 
MS spectrum in the negative mode shows the anion [Cp*Mo6O18]- (observed m/z at 998.8; theor m/z 
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999.5) at relatively low intensity. Other intense framents are found at m/z 574.8 ([Mo4O12]-, theor m/z 




Figure 4.22a. Electrospray ionization mass spectrum of Bu4P[Cp*Mo6O18].       
 
 














Figure 4.23c. Electrospray ionization mass spectrum of Bu4N[Cp*Mo6O18].  
 
4.2.4.2. [Cp*W6O18]- anion 
 
 The compound Ph4P[Cp*W6O18] (Mw: 1865.7 g/mol) was characterized by mass spectrometry 
(MS) in acetone/methanol solution. As shown in Figure 4.24a, the electrospray ionisation MS spectrum 
in the negative mode shows the anion [Cp*W6O18]- (observed m/z at 1525.3; theor m/z 1524.7). As 
shown in Figure 4.24b, frament is found at m/z 695.2 ([W3O9]-, theor 696). 
 
 





Figure 4.24b. Electrospray ionization mass spectrum of Ph4P[Cp*W6O18].  
 
4.2.4.3. [Cp*MoW5O18]- anion  
 
The compound Bu4P[Cp*MoW5O18] (Mw: 1697 g/mol) was characterized by mass 
spectrometry (MS) in acetone/methanol solution. As shown in Figure 4.25a and 4.25b, the 
electrospray ionisation MS spectrum in the negative mode shows the [Cp*MoW5O18]- anion peak at 
m/z 1440.1 (theor m/z 1440.7). Other intense fragments are found at m/z 1303.6 ([MoW5O18]-, theor 
m/z 1304), 843 ([MoW3O12]-, theor 840) and 606.8 ([MoW2O9]-, theor m/z 608).  
 
 





Figure 4.25b. Electrospray ionization mass spectrum of Bu4P[Cp*MoW5O18].    
 
4.2.4.4. [Cp*Mo5WO18]- anion  
 
 The mass spectrum (FAB) of Bu4P[Cp*Mo5WO18] (Mw: 1346.204 g/mol) compound in 
acetone/methanol solution (Figure 4.26), shows a weak envelope for the Bu4P[Cp*Mo5WO18] at m/z = 
1348 and the [Bu4PMo5WO18]- at m/z 1212 corresponding to the product of Cp* loss. As shown in 
Figure 4.27a and 4.27b, the electrospray ionisation MS spectrums in the negative mode shows the 
anion found at m/z 1086.8 ([Cp*Mo5WO18]-, theor m/z 1086.5). 
 
 













Figure 4.27c. Electrospray ionization mass spectrum of Bu4P[Cp*Mo5WO18].  
 
The general spectrum in negative mode showed the expected molecular ion with an isotopic 
pattern in good agreement with the simulation; see Figure 4.28. Notably, metal compositions different 
from MM′5 (for instance, M2M′4) were absent from the spectra of the mixed-metal products 
[Cp*Mo5WO18]- and [Cp*MoW5O18]-. The fragmentation pattern is not identical for each type of anion, 
but as a general feature, we can observe a loss of the Cp* fragment to yield [MM′5O18]-, followed by 
the subsequent loss of both MO3 and M′O3. 
 
 
Figure 4.28. Experimental (left) and simulated (right) isotopic patterns for the [Cp*MoxW6−xO18]- ions 
measured for compounds Bu4N[Cp*Mo6O18], Bu4P[Cp*Mo5WO18], Bu4P[Cp*MoW5O18] 




4.2.5. NMR Studies 
 
4.2.5.1. Bu4P+ salt of [Cp*MoxW6-xO18]- (x = 0, 1, 5, 6) anions 
 
 The 1H NMR spectra of the isolated tetrabutylphosphonium salts, Bu4P[Cp*MoxW6-xO18], in 
dimethyl sulfoxide (DMSO) are shown in Figure 4.29 to Figure 4.31. In addition to the cation 
resonance (methyl protons at δ 0.92 and three methylene signals at δ 1.42 and 2.13-2.20) and those 
of the solvent and water (at δ 3.3), the Cp* signal can be seen at δ 2.2 (when linked to Mo) or 2.4 
(when linked to W). The Cp* resonance is occasionally observed with a smaller integrated intensity 
relative to the expected Cp*/cation ratio of 1:1. This may be the result of contamination by excess of 
the inorganic [Bu4P]+ salt in the isolated product, or the product contains some impurities. 
The 31P NMR spectras of the isolated Bu4P+ salt in dimethyl sulfoxide (DMSO), 
Bu4P[Cp*Mo6O18], Bu4P[Cp*W6O18], Bu4P[Cp*MoW5O18], Bu4P[Cp*Mo5WO18] show the expected 
cation resonance at 35.0 for Bu4P+. This value is the same for all compounds. 
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4.2.5.2. Bu4N+ salt of [Cp*MoxW6-xO18]- (x = 0, 1, 5, 6) anions 
 
The 1H NMR spectra of the isolated salt were performed in dimethyl sulfoxide (DMSO), the 1H 




Figure 4.32. 1H NMR spectrum of Bu4N[Cp*Mo6O18] (DMSO-d6, 400MHz). 
 
The 1H NMR spectrum of Bu4N[Cp*Mo6O18] complex revealed the methyl protons [δ 0.94 ], 
three methylene signals [δ 1.33, 1.60, 3.17], and the characteristic resonance of the Cp* moiety [δ 








The 1H NMR spectrum of Bu4N[Cp*W6O18] complex revealed the methyl protons [δ 0.94 ], 
three methylene signals [δ 1.33, 1.56, 3.17], and the characteristic resonance of the Cp* moiety [δ 




Figure 4.34. 1H NMR spectrum of Bu4N[Cp*MoW5O18] (DMSO-d6, 400MHz). 
 
The 1H NMR spectrum of Bu4N[Cp*MoW5O18] complex revealed the the methyl protons [δ 
0.94], three methylene signals [δ 1.32, 1.57, 3.18], and the characteristic resonance of the Cp* moiety 








The 1H NMR spectrum of Bu4N[Cp*Mo5WO18] complex revealed the methyl protons [δ 0.94], 
three methylene signals [δ 1.33, 1.58, 3.19], and the characteristic resonance of the Cp* moiety [δ 
2.45] (Figure 4.35). 
 
4.2.5.3. Ph4P+ salt of [Cp*MoxW6-xO18]- (x = 0, 1, 5, 6) anions 
 
The 1H NMR spectras of the isolated tetraphenylphosphonium salts in dimethyl sulfoxide 
(DMSO), Ph4P[Cp*W6O18], Ph4P[Cp*MoW5O18], Ph4P[Cp*Mo5WO18] are shown in, Figure 4.36, 4.37 
and 4.38. respectively. Because of low solubility in DMSO, we could not record NMR spectra for the 




Figure 4.36. 1H NMR spectrum of Ph4P[Cp*W6O18] (DMSO-d6, 400MHz). 
 
The 1H NMR spectrum of Ph4P[Cp*W6O18] complex revealed four phenyl proton [δ 7.7−7.9],   




Figure 4.37. 1H NMR spectrum of Ph4P[Cp*MoW5O18] (DMSO-d6, 400MHz). 
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The 1H NMR spectrum of Ph4P[Cp*MoW5O18] complex revealed four phenyl proton [δ 
7.7−7.9],  and characteristic Cp* moiety [δ 2.12] (Figure 4.37). 
 
 
Figure 4.38. 1H NMR spectrum of Ph4P[Cp*Mo5WO18] (DMSO-d6, 400MHz). 
 
The 1H NMR spectrum of Ph4P[Cp*Mo5WO18] complex revealed four phenyl proton [δ 
7.7−7.9], and characteristic Cp* moiety [δ 2.45] (Figure 4.38). 
The 31P NMR spectra of the isolated tetraphenylphosphonium salt in dimethyl sulfoxide 
(DMSO), Ph4P[Cp*W6O18], Ph4P[Cp*MoW5O18], Ph4P[Cp*Mo5WO18] show the expected cation 
resonance at 23.5 for Ph4P+. This value is same for all the Ph4P+ compounds and corresponds to that 
reported in the literature for this cation in DMSO [63]. 
All the 1H NMR measurement in DMSO-d6 solutions of anionic complexes are summarized in 
Table 4.9 and Table 4.10.  
 
Table 4.9. 1H NMR results for salts of the tetrabutyl-phosphonium and ammonium.  
 
Compound δ (t, 12H, Me) δ (m, 16H, CH2), δ (m, 8H, CH2) δ (s, Cp*) 
Bu4P[Cp*Mo6O18] 0.92 1.42 2.13-2.20 2.23 
Bu4P[Cp*MoW5O18] 0.92 1.47 2.13-2.20 2.38 
Bu4P[Cp*Mo5WO18] 0.94 1.44 2.14-2.22 2.45 
 δ (t, 12H, Me) δ (m, 8H, CH2), δ (m, 8H, CH2) δ (m, 8H, CH2) δ (s, Cp*)
Bu4N[Cp*Mo6O18] 0.94 1.33 1.60 3.17 2.25 
Bu4N[Cp*W6O18] 0.94 1.33 1.56 3.17 2.40 
Bu4N[Cp*MoW5O18] 0.94 1.32 1.57 3.18 2.11 
Bu4N[Cp*Mo5WO18] 0.94 1.33 1.58 3.19 2.45 
 
Table 4.10. 1H NMR results for salt of tetraphenylphosphonium. 
 
Compound δ  (m, Ar) δ (s, Cp*) 
Ph4P[Cp*W6O18] 7.7−7.9 2.60 
Ph4P[Cp*MoW5O18] 7.7−7.9 2.12 




4.2.6. Powder X-Ray Diffraction  
 
Only Bu4P[Cp*Mo6O18] and Ph4P[Cp*WMo5O18] complexes were obtained in sufficient 
microcrystalline quality to give a well-resolved powder spectrum.  
 
4.2.6.1. Powder X-Ray Diffraction of Bu4P[Cp*Mo6O18] Compound 
 
 The powder X-Ray diffraction pattern of the Bu4P[Cp*Mo6O18] title compound is shown in 
Figure 4.39. Bu4P[Cp*Mo6O18] was obtained in sufficient microcrystalline quality to give a well-resolved 
powder spectrum. The quality of the spectrum was good enough to reliably conclude that the spectrum 




Figure 4.39. Powder X-ray diffraction patterns for compound Bu4P[Cp*Mo6O18]. 
 
4.2.6.2. Powder X-Ray Diffraction of Ph4P[Cp*WMo5O18] Compound 
 
The powder X-Ray diffraction pattern of the Ph4P[Cp*WMo5O18] is shown in Figure 4.40. In the 
powder pattern we haven’t seen correspondance with any substance from database, showing this 




Figure 4.40. Powder X-ray diffraction patterns for compound Ph4P[Cp*WMo5O18].  
 
4.2.7. X-Ray Crystallographic Analysis  
 
 The tetraphenylphosphonium salts of the [Cp*Mo6O18]- (synthesis is given in 5.2.3.1c) and 
[Cp*WMo5O18]- (synthesis is given in 5.2.3.4c) anions gave single crystals suitable for X-ray diffraction 
analyses. These crystals could be grown by slow evaporation in acetone. The two salts are 
isomorphous and crystallize with one molecule of interstitial acetone. The polyanions have the typical 
Lindqvist-type octahedral arrangement of the six metal atoms and bridging O atoms, with one 
{Mo=O}4+ fragment in [Mo6O19]2- being formally replaced by a {Cp*Mo}5+ (in [Cp*Mo6O18]-) or {Cp*W}5+ 
(in [Cp*WMo5O18]-) fragment. The Ph4P[Cp*WMo5O18] compound was of particular interest, because it 
is a heterometallic polyoxometalate. Views of the geometry of both anions are available in Figure 4.41. 
Crystal data and refinement parameters are shown in Table 4.11. 
  
 
   a      b 
Figure 4.41. ORTEP views of the [Cp*MMo5O18]- ions: (a) M = Mo in compound Ph4P[Cp*Mo6O18];  
 (b) M = W in compound Ph4P[Cp*WMo5O18]. The ellipsoids are drawn at the 30%  




Table 4.11. Crystal data and structure refinement for Ph4P[Cp*Mo6O18] and Ph4P[Cp*WMo5O18]. 
 
Identification code  Ph4P[Cp*Mo6O18] Ph4P[Cp*WMo5O18] 




Formula weight  1396.31 1484.22 
Temperature, K  180(2)  180(2)  
Wavelength, Å  0.71073  0.71073  
Crystal system  Orthorhombic Orthorhombic 
Space group  P n m a P n m a 
a, Å 14.8994(7)  14.9089(5)  
b, Å 13.8507(7)  13.8674(5)  
c, Å 21.2967(8)  21.3702(8)  
Volume, Å3 4394.9(3)  4418.2(3) 
Z 4 4 
D (calcd), Mg/m3 2.110  2.231  
Abs. coeff., mm-1  1.773  4.081  
F(000) 2728 2856 
Crystal size, mm3 0.51 x 0.19 x 0.15  0.43 x 0.08 x 0.03 
Theta range, ° 2.90 to 26.37 2.89 to 26.37 
Reflts collected 24229 24032 
Unique reflts [R(int)] 4682 (0.0233) 4709 (0.0574) 
Completeness, %,  99.8 99.9   
Abs. correction Multi-scan Multi-scan 
Max. / min.  abs. 1.00000 and 0.722 1.00000 and 0.620 
Data / restr. / param. 4682 / 0 / 310 4709 / 0 / 310 
GOF on F2       1.138 0.976 
R , wR2 [I>2\s(I)] 0.0271, 0.0621 0.0332, 0.0733 
R , wR2 (all data) 0.0355, 0.0674 0.0543, 0.0809 
Resid. density, e.Å-3 0.591 and -0.944 1.571 and -1.554  
 
These new Ph4P+ complexes are orthorhombic, like the [C5Me5O][(η-C5Me5)Mo6O18] 
compound reported by Bottomley and Chen (1992) [38] and like the [n-Bu4N][Mo6Cp*O18]·Me2CO 
compound reported by Proust and coworkers in 1999 [19]. A full table of bond lengths [Å] and angles 
[°] of Ph4P[Cp*Mo6O18] and Ph4P[Cp*WMo5O18] are available in Table 4.12. The numbering schemes 
used for the anions in compounds Ph4P[Cp*Mo6O18] and Ph4P[Cp*WMo5O18] are identical (with the 
metal atom M4 being Mo in Ph4P[Cp*Mo6O18] and W in Ph4P[Cp*WMo5O18]). For compounds 
Ph4P[Cp*Mo6O18] and Ph4P[Cp*WMo5O18], the asymmetric unit contains half of the anionic cluster 
(and half of the cation), with atoms Mo1, M4 (M = Mo, W), O1, O4, O8, O11, C3, and C6 sitting on a 
crystallographic mirror plane. The Cp*−M distance is slightly shorter when M = W. All structurally 
equivalent M−O bonds have quite similar distances in the two compounds. The ideal C4v symmetry of 
the ions, however, is broken by a distortion that renders the bridging Mo−O−Mo moieties asymmetric, 
and this distortion is more pronounced in compound Ph4P[Cp*Mo6O18] than in compound 
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Ph4P[Cp*WMo5O18]. In addition, the central (μ6-O) atom is drawn closer to the Cp*-bearing axial metal 
(Mo4 in Ph4P[Cp*Mo6O18] and W4 in Ph4P[Cp*WMo5O18] and farther away from the opposite axial Mo1 
atom, with the distances to the equatorial Mo2 and Mo3 atoms being intermediate. This type of 
distortion is, however, less pronounced than that in the Cp*2Mo6O17 structure [35]. 
 
Table 4.12. Bond lengths [Å] and angles [°] for Ph4P[Cp*Mo6O18] and Ph4P[Cp*WMo5O18]. 
 
Ph4P[Cp*Mo6O18] Ph4P[Cp*WMo5O18] 
Mo(4)-Ct(1)                              2.092(2) W(4)-Ct(1)                                2.085(2) 
Mo(1)-O(11)  1.673(3) Mo(1)-O(11)  1.669(5) 
Mo(1)-O(7)  1.878(2) Mo(1)-O(7)  1.899(4) 
Mo(1)-O(6)  1.923(2) Mo(1)-O(6)  1.914(4) 
Mo(1)-O(1)  2.504(3) Mo(1)-O(1)  2.512(4) 
Mo(2)-O(21)  1.679(2) Mo(2)-O(21)  1.678(4) 
Mo(2)-O(6)  1.890(2) Mo(2)-O(6)  1.894(3) 
Mo(2)-O(3)  1.908(2) Mo(2)-O(3)  1.898(3) 
Mo(2)-O(5)  1.928(2) Mo(2)-O(5)  1.931(4) 
Mo(2)-O(4)                              1.9287(15) Mo(2)-O(4)  1.933(3) 
Mo(2)-O(1)  2.3285(19) Mo(2)-O(1)  2.335(3) 
Mo(3)-O(31)  1.674(2) Mo(3)-O(31)  1.671(4) 
Mo(3)-O(2)  1.870(2) Mo(3)-O(2)  1.883(3) 
Mo(3)-O(7)  1.928(2) Mo(3)-O(7)  1.908(3) 
Mo(3)-O(8)  1.9317(15) Mo(3)-O(8)  1.937(3) 
Mo(3)-O(5)  1.933(2) Mo(3)-O(5)  1.941(4) 
Mo(3)-O(1)  2.3391(19) Mo(3)-O(1)  2.346(3) 
Mo(4)-O(3)  1.917(2) W(4)-O(3)  1.931(3) 
Mo(4)-O(2)  1.974(2) W(4)-O(2)  1.958(3) 
Mo(4)-O(1)  2.109(3) W(4)-O(1)  2.104(4) 
C(1)-C(1)#1  1.410(7) C(1)-C(1)#1  1.429(10) 
C(1)-C(2)  1.414(4) C(1)-C(2)  1.415(7) 
C(1)-C(5)  1.474(4) C(1)-C(5)  1.475(8) 
C(2)-C(3)  1.416(4) C(2)-C(3)  1.408(7) 
C(2)-C(4)  1.483(5) C(2)-C(4)  1.491(8) 
C(3)-C(6)  1.484(6) C(3)-C(6)  1.477(10) 
P(1)-C(211)  1.790(4) P(1)-C(211)  1.789(8) 
P(1)-C(311)  1.792(3) P(1)-C(311)  1.795(5) 
P(1)-C(111)  1.796(4) P(1)-C(111)  1.808(7) 
C(111)-C(112)  1.390(4) C(111)-C(112)  1.384(6) 
C(112)-C(113)  1.374(5) C(112)-C(113)  1.367(8) 
C(113)-C(114)  1.371(5) C(113)-C(114)  1.362(7) 
C(211)-C(212)  1.386(4) C(211)-C(212)  1.385(6) 
C(212)-C(213)  1.375(4) C(212)-C(213)  1.384(7) 
C(213)-C(214)  1.383(4) C(213)-C(214)  1.371(6) 
C(311)-C(312)  1.383(4) C(311)-C(312)  1.385(7) 
C(311)-C(316)  1.389(4) C(311)-C(316)  1.388(7) 
C(312)-C(313)  1.376(5) C(312)-C(313)  1.378(7) 
C(313)-C(314)  1.374(5) C(313)-C(314)  1.363(8) 
C(314)-C(315)  1.370(5) C(314)-C(315)  1.371(8) 
C(315)-C(316)  1.376(5) C(315)-C(316)  1.379(8) 
O(40)-C(41)  1.172(8) O(40)-C(41)  1.171(11) 
C(40)-C(41)  1.451(6) C(40)-C(41)  1.455(9) 
O(11)-Mo(1)-O(7) 105.84(11) O(11)-Mo(1)-O(7) 105.76(18) 
O(7)-Mo(1)-O(7)#1 87.55(14) O(7)-Mo(1)-O(7)#1 86.5(2) 
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O(11)-Mo(1)-O(6) 104.73(11) O(11)-Mo(1)-O(6) 104.83(18) 
O(7)-Mo(1)-O(6) 85.97(10) O(7)-Mo(1)-O(6) 86.09(15) 
O(7)#1-Mo(1)-O(6) 149.37(9) O(7)#1-Mo(1)-O(6) 149.40(14) 
O(6)#1-Mo(1)-O(6) 84.54(14) O(6)#1-Mo(1)-O(6) 85.4(2) 
O(11)-Mo(1)-O(1) 179.00(14) O(11)-Mo(1)-O(1) 179.3(2) 
O(7)-Mo(1)-O(1) 74.86(8) O(7)-Mo(1)-O(1) 74.73(13) 
O(6)-Mo(1)-O(1) 74.55(8) O(6)-Mo(1)-O(1) 74.67(12) 
O(21)-Mo(2)-O(6) 104.22(10) O(21)-Mo(2)-O(6) 104.46(16) 
O(21)-Mo(2)-O(3) 103.57(10) O(21)-Mo(2)-O(3) 103.74(16) 
O(6)-Mo(2)-O(3) 152.20(9) O(6)-Mo(2)-O(3) 151.80(15) 
O(21)-Mo(2)-O(5) 103.27(10) O(21)-Mo(2)-O(5) 103.48(16) 
O(6)-Mo(2)-O(5) 87.37(10) O(6)-Mo(2)-O(5) 86.78(15) 
O(3)-Mo(2)-O(5) 86.21(9) O(3)-Mo(2)-O(5) 86.75(15) 
O(21)-Mo(2)-O(4) 103.76(11) O(21)-Mo(2)-O(4) 103.45(18) 
O(6)-Mo(2)-O(4) 87.27(11) O(6)-Mo(2)-O(4) 86.80(18) 
O(3)-Mo(2)-O(4) 86.27(11) O(3)-Mo(2)-O(4) 86.67(18) 
O(5)-Mo(2)-O(4) 152.94(10) O(5)-Mo(2)-O(4) 153.06(17) 
O(21)-Mo(2)-O(1) 176.18(10) O(21)-Mo(2)-O(1) 176.01(16) 
O(6)-Mo(2)-O(1) 79.59(9) O(6)-Mo(2)-O(1) 79.53(15) 
O(3)-Mo(2)-O(1) 72.61(9) O(3)-Mo(2)-O(1) 72.27(15) 
O(5)-Mo(2)-O(1) 76.75(8) O(5)-Mo(2)-O(1) 76.74(13) 
O(4)-Mo(2)-O(1) 76.20(9) O(4)-Mo(2)-O(1) 76.38(15) 
O(31)-Mo(3)-O(2) 104.79(11) O(31)-Mo(3)-O(2) 104.80(17) 
O(31)-Mo(3)-O(7) 103.86(11) O(31)-Mo(3)-O(7) 104.14(17) 
O(2)-Mo(3)-O(7) 151.35(9) O(2)-Mo(3)-O(7) 151.06(15) 
O(31)-Mo(3)-O(8) 103.40(11) O(31)-Mo(3)-O(8) 102.99(19) 
O(2)-Mo(3)-O(8) 88.00(11) O(2)-Mo(3)-O(8) 87.26(18) 
O(7)-Mo(3)-O(8) 85.54(11) O(7)-Mo(3)-O(8) 86.05(18) 
O(31)-Mo(3)-O(5) 103.65(11) O(31)-Mo(3)-O(5) 104.06(17) 
O(2)-Mo(3)-O(5) 87.91(9) O(2)-Mo(3)-O(5) 87.56(15) 
O(7)-Mo(3)-O(5) 85.27(9) O(7)-Mo(3)-O(5) 85.72(15) 
O(8)-Mo(3)-O(5) 152.80(10) O(8)-Mo(3)-O(5) 152.89(17) 
O(31)-Mo(3)-O(1) 177.94(11) O(31)-Mo(3)-O(1) 177.04(17) 
O(2)-Mo(3)-O(1) 73.15(9) O(2)-Mo(3)-O(1) 72.25(15) 
O(7)-Mo(3)-O(1) 78.19(9) O(7)-Mo(3)-O(1) 78.80(14) 
O(8)-Mo(3)-O(1) 76.68(9) O(8)-Mo(3)-O(1) 76.79(15) 
O(5)-Mo(3)-O(1) 76.39(8) O(5)-Mo(3)-O(1) 76.29(13) 
O(3)#1-Mo(4)-O(3) 89.89(13) O(3)#1-W(4)-O(3) 88.5(2) 
O(3)#1-Mo(4)-O(2) 154.41(9) O(3)#1-W(4)-O(2) 153.82(14) 
O(3)-Mo(4)-O(2) 86.92(9) O(3)-W(4)-O(2) 87.13(15) 
O(2)-Mo(4)-O(2)#1 85.12(13) O(2)#1-W(4)-O(2) 85.5(2) 
O(3)-Mo(4)-O(1) 77.77(8) O(3)-W(4)-O(1) 77.23(13) 
O(2)-Mo(4)-O(1) 76.74(8) O(2)-W(4)-O(1) 76.63(13) 
Mo(4)-O(1)-Mo(2) 93.73(9) W(4)-O(1)-Mo(2) 94.12(14) 
Mo(2)#1-O(1)-Mo(2) 89.96(9) Mo(2)#1-O(1)-Mo(2) 89.84(16) 
Mo(4)-O(1)-Mo(3) 94.12(9) W(4)-O(1)-Mo(3) 94.43(14) 
Mo(2)#1-O(1)-Mo(3) 172.15(13) Mo(2)-O(1)-Mo(3)#1 171.4(2) 
Mo(2)-O(1)-Mo(3) 89.708(14) Mo(2)-O(1)-Mo(3) 89.73(2) 
Mo(3)-O(1)-Mo(3)#1 89.55(9) Mo(3)#1-O(1)-Mo(3) 89.43(16) 
Mo(4)-O(1)-Mo(1) 179.66(13) W(4)-O(1)-Mo(1) 179.7(2) 
Mo(2)#1-O(1)-Mo(1) 86.03(8) Mo(2)-O(1)-Mo(1) 85.68(12) 
Mo(2)-O(1)-Mo(1) 86.03(8) Mo(3)#1-O(1)-Mo(1) 85.76(12) 
Mo(3)-O(1)-Mo(1) 86.13(8) Mo(3)-O(1)-Mo(1) 85.76(12) 
Mo(3)-O(2)-Mo(4) 115.97(10) Mo(3)-O(2)-W(4) 116.68(17) 
Mo(2)-O(3)-Mo(4) 115.86(10) Mo(2)-O(3)-W(4) 116.37(17) 
Mo(2)-O(4)-Mo(2)#1 117.16(14) Mo(2)-O(4)-Mo(2)#1 117.1(3) 
102 
 
Mo(2)-O(5)-Mo(3) 116.98(11) Mo(2)-O(5)-Mo(3) 117.05(17) 
Mo(2)-O(6)-Mo(1) 119.81(11) Mo(2)-O(6)-Mo(1) 120.11(17) 
Mo(1)-O(7)-Mo(3) 120.80(11) Mo(1)-O(7)-Mo(3) 120.69(17) 
Mo(3)#1-O(8)-Mo(3) 117.06(14) Mo(3)#1-O(8)-Mo(3) 116.9(3) 
C(1)#1-C(1)-C(2) 108.2(2) C(2)-C(1)-C(1)#1 107.7(3) 
C(1)#1-C(1)-C(5) 126.2(2) C(2)-C(1)-C(5) 126.6(5) 
C(2)-C(1)-C(5) 125.5(3) C(1)#1-C(1)-C(5) 125.7(3) 
C(1)-C(2)-C(3) 107.7(3) C(3)-C(2)-C(1) 107.9(5) 
C(1)-C(2)-C(4) 125.8(4) C(3)-C(2)-C(4) 127.0(6) 
C(3)-C(2)-C(4) 126.5(3) C(1)-C(2)-C(4) 125.0(5) 
C(2)#1-C(3)-C(2) 108.2(4) C(2)#1-C(3)-C(2) 108.8(7) 
C(2)#1-C(3)-C(6) 125.89(19) C(2)#1-C(3)-C(6) 125.6(3) 
C(2)-C(3)-C(6) 125.89(19) C(2)-C(3)-C(6) 125.6(3) 
C(211)-P(1)-C(311) 110.06(12) C(211)-P(1)-C(311) 110.2(2) 
C(311)-P(1)-C(311)#2 107.3(2) C(311)-P(1)-C(311)#2 107.2(3) 
C(211)-P(1)-C(111) 107.75(19) C(211)-P(1)-C(111) 107.8(3) 
C(311)-P(1)-C(111) 110.85(13) C(311)-P(1)-C(111) 110.8(2) 
C(112)-C(111)-C(112)#2 120.0(4) C(112)#2-C(111)-C(112) 120.4(7) 
C(112)-C(111)-P(1) 119.8(2) C(112)-C(111)-P(1) 119.7(3) 
C(113)-C(112)-C(111) 119.1(3) C(113)-C(112)-C(111) 118.7(6) 
C(114)-C(113)-C(112) 121.2(4) C(114)-C(113)-C(112) 121.5(6) 
C(113)#2-C(114)-C(113) 119.4(5) C(113)#2-C(114)-C(113) 119.3(8) 
C(212)-C(211)-C(212)#2 119.7(4) C(212)-C(211)-C(212)#2 119.2(7) 
C(212)-C(211)-P(1) 120.04(19) C(212)-C(211)-P(1) 120.2(4) 
C(213)-C(212)-C(211) 120.1(3) C(213)-C(212)-C(211) 120.2(5) 
C(212)-C(213)-C(214) 120.1(3) C(214)-C(213)-C(212) 119.8(5) 
C(213)-C(214)-C(213)#2 119.8(4) C(213)-C(214)-C(213)#2 120.5(7) 
C(312)-C(311)-C(316) 120.0(3) C(312)-C(311)-C(316) 120.3(5) 
C(312)-C(311)-P(1) 120.0(2) C(312)-C(311)-P(1) 119.5(4) 
C(316)-C(311)-P(1) 119.6(2) C(316)-C(311)-P(1) 119.7(4) 
C(313)-C(312)-C(311) 119.7(3) C(313)-C(312)-C(311) 119.1(5) 
C(314)-C(313)-C(312) 120.3(3) C(314)-C(313)-C(312) 120.6(5) 
C(315)-C(314)-C(313) 120.0(3) C(313)-C(314)-C(315) 120.5(5) 
C(314)-C(315)-C(316) 120.7(3) C(314)-C(315)-C(316) 120.3(6) 
C(315)-C(316)-C(311) 119.3(3) C(315)-C(316)-C(311) 119.1(6) 
O(40)-C(41)-C(40) 121.5(4) O(40)-C(41)-C(40) 121.0(6) 
C(40)-C(41)-C(40)#1 116.9(8) C(40)#1-C(41)-C(40) 118.1(12) 
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+3/2,z    #2 x,-y+1/2,z  
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5. EXPERIMENTAL SECTION 
 
5.1. Materials  
 
5.1.1. Used Instruments  
 
IR     : Perkin Elmer Instrument FT-IR System / Spectrum BX 
       and Mattson Genesis II FTIR spectrometer 
X-Ray POWDER (XRD)  : Theta/Theta Panalytical MPdPro powder diffractometer 
       and Phillips X’ Pert Pro (İYTE) 
X- RAY     : Oxford-Diffraction X CALIBUR CCD diffractometer 
TGA      : SETARAM TGA 92-16.18 thermal analyzer 
TG/DTA    : Perkin Elmer Diomand (İYTE) 
Elementary Analysis (CHN) : Perkin Elmer 2400 CHNS. (LCC) 
NMR     : Varian ASW-400 machine and BRUKER AVANCE   
       DPX 200       
Mass Spectroscopy : Perkin ELMER API 365 (UPS)  
Vacuum Oven     : Vaciotem-T P selecta (V:230, W: 2000,Hz 50/60) 
 
5.1.2. Chemicals and Reagents  
 
 [W(CO)6] (Fluka), [Mo(CO)6] (Merck), tBuOOH in water (70%) (Aldrich), H2O2 in water (30%) 
(Fluka), Mg2SO4 (Carlo Erba), acetone (Aldrich), pentane (Merck, analytical grade), were used as 
received. Sodium tungstate dihydrate (Na2WO4.2H2O), sodium molybdate dihydrate (Na2MoO4.2H2O), 
tetrabutylammonium bromide (Bu4NBr), tetrabutylphosphonium bromide (Bu4PBr) and 
tetraphenylphosphonium bromide (Ph4PBr) were purchased from Aldrich and used as received. 
Pentamethylcyclopentadiene (Cp*H, Merck) was converted to the Na salt by reaction with NaNH2 
(Fluka) in refluxing THF. Water was deionized, methanol (Carlo Erba, analytical grade). The other 
solvents were dried by standard procedures (ether and THF from Na / K alloy; CH2Cl2 from P2O5; 




 All manipulations for the synthesis of POM compounds were performed under air. The starting 
compounds [Cp*2Mo2O5] and [Cp*2W2O5] were synthesized according to the literature [24] as 
described in section 5.2.1. All preparations and manipulations of the starting materials were carried out 
with Schlenk techniques under an oxygen-free argon atmosphere. All glassware was ovendried at  
120 °C. In the TGA measurements; a quantity of each sample was placed into a nickel/platinum alloy 
crucible and heated at 0.83 K.s-1 under reconstituted air flow up to 600 or 800 K. An empty crucible 
was used as reference. 
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5.2.1. Synthesis Procedures of the Starting Materials  
 
5.2.1.1. Synthesis Procedures of [Cp*2Mo2O5]  
 
5.2.1.1a. By Oxidation of [Cp*Mo(CO)3]Na with tBuOOH  
 
 In a flask containing NaCp* (1.042 g, 6.6 mmol) was added a solution of [Mo(CO)6] (1.584 g, 6 
mmol) in THF (120 mL). The resulting solution was stirred at reflux during 24 h affording the deep 
orange solution of the corresponding Na[Cp*Mo(CO)3] salt (IR strong peaks at 1886, 1784, 1733 cm-1). 
To this solution, after cooling to room temperature, was added 80 mL of previously degassed 0.4 M 
NaOH, then 5 mL of a 70% aqueous tBuOOH solution (36 mmol), resulting in a colour change to red 
with vigorous gas evolution. The mixture was stirred at room temperature for 3 days, turning orange 
and then pale yellow, and finally evaporated to dryness to yield [Cp*MoO3]Na as a white solid. 1H 
NMR (D2O): δ = 1.89 (Cp*). This solid was then extracted with 80 mL of distilled water and filtered. 
The pale yellow filtrate was acidified with diluted glacial acetic acid, causing precipitation of a yellow 
solid at pH 3.8–4.0. The acetic acid addition was stopped when the addition of one further drop did not 
cause any additional precipitation. The precipitate was extracted with 8 x 100 mL portions of ether, the 
last extract being colorless. The combined organic layers were washed with distilled water and dried 
over MgSO4 overnight. Evaporation of the solvent yielded [Cp*2Mo2O5] as a yellow solid (1.484 g, 2.74 
mmol, 91 % yield). The 1H NMR spectrum of this compound (singlet at δ = 2.01 in CDCl3) corresponds 
to that described in the literature [24]. 
 
5.2.1.1b. By Oxidation of [Cp*Mo(CO)3]Na with H2O2 
 
 This procedure is identical to that described above, except for the use of a 35% aqueous H2O2 
solution (3.2 mL, 36 mmol) in place of the tBuOOH solution. The same color changes described above 
were observed. However, these took place within a few minutes rather than over 3 days. Treatment of 
a small aliquot of this solution with MnO2 showed no gas evolution, indicating that complete 
consumption of H2O2 had taken place. The isolated white [Cp*MoO3]Na intermediate had the same 1H 
NMR properties described above. Using this procedure, 1.178 g of spectroscopically (1H NMR) pure 
[Cp*2Mo2O5] product (1.98 mmol; 66 % yield) were recovered. 
 
5.2.1.2. Synthesis Procedures of [Cp*2W2O5]  
 
5.2.1.2a. By Oxidation of [Cp*W(CO)3]Na with tBuOOH  
 
 In a flask containing NaCp* (1.042 g, 6.6 mmol) was added a solution of [W(CO)6] (2.106 g, 6 
mmol) in THF (160 mL). The resulting solution was stirred at reflux during 24 h affording the dark 
orange solution of the corresponding Na[Cp*W(CO)3] salt (IR strong peaks at 1881, 1780, 1729 cm-1). 
To this solution, after cooling to room temperature, was added 80 mL of degassed water, then 5 mL of 
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a 70% aqueous tBuOOH solution (36 mmol), resulting in a colour change to red with vigorous gas 
evolution. The solution was stirred at room temperature for 3 days, turning orange, then yellow, and 
finally colourless. The solution was then evaporated to dryness to yield [Cp*WO3]Na as a white solid. 
1H NMR (D2O): δ = 2.04 (Cp*). This solid was then extracted with the minimum amount of distilled 
water and then acidified with diluted glacial acetic acid, causing a colour change from colourless to 
yellow with precipitation of a very fine pale yellow solid (pH around 4), which did not settle. The acetic 
acid addition was alternated by extractions of the product into CH2Cl2, until addition of one further drop 
did not cause any additional precipitation. The combined organic layers (total: 300 mL) were washed 
with distilled water and dried over MgSO4 overnight. Evaporation of the solvent yielded [Cp*2W2O5] as 
a yellow solid (1.86 g, 2.60 mmol, 87 % yield). The 1H NMR spectrum of this compound (singlet at δ = 
2.18 in CDCl3) corresponded to that described in the literature [24]. 
 
5.2.1.2b. By Oxidation of [Cp*W(CO)3]Na with H2O2 
 
 This procedure is identical to that described above, except for the use of a 30% aqueous H2O2 
solution (4 mL, 36 mmol) in place of the tBuOOH solution. The same color changes described above 
were observed. The isolated white [Cp*WO3]Na intermediate had the same 1H NMR properties 
described above. Using this procedure, 1 g of pure [Cp*2W2O5] product (1.392 mmol; 46 % yield) were 
recovered. The 1H NMR spectrum of this product (singlet at δ = 2.18 in CDCl3) corresponded to that 
described in the literature [24]. 
 There are some differences between the W and the Mo systems. The [Cp*2W2O5] compound 
has a non negligible solubility in water, whereas the Mo analogue is essentially insoluble. On the other 
hand, whereas [Cp*2Mo2O5] is relatively soluble in diethyl ether, the W analogue is not. Therefore, 
extraction of the neutral precipitate with ether, which constitutes a convenient work-up procedure for 
the Mo compound, cannot be used for the W analogue. Another noticeable difference is the 
precipitation of the W product in the form of a very fine colloidal suspension, which does not settle 
even upon heating. Increasing the solution ionic strength did not show any apparent beneficial effect. 
Thus, the most effective procedure, though a bit more tedious, consists of dissolving the Na[Cp*WO3] 
residue into the minimum amount of water, followed by acidification and extraction of the resulting 
[Cp*2W2O5] product with CH2Cl2, in which the compound is readily soluble. Like for the synthesis of the 
Mo compound, the oxidation of Na[Cp*W(CO)3] also occurs when using 6 equiv. of H2O2, though once 
again the overall yield is less satisfactory and not always reproducible.  
 
5.2.2. Synthesis and Characterization of New Polyoxometalates 
 
5.2.2.1. Synthesis and Characterization of New Neutral Polyoxometalates  
 
 Precaution has been taken to avoid any contact of these products with metal in order to avoid 












 The synthesis procedure follows that reported previously, except that the latter contains a 
typographical error in the amount of acid used [35]. Thus, solutions of [Cp*2Mo2O5] (27 mg, 5.0 x10–2 
mmol) in MeOH (1.25 mL) and of Na2MoO4·2H2O (48.4 mg, 0.20 mmol) in water (1.25 mL) were mixed 
with no apparent change and a HNO3 solution (0.4 mL, 0.4 mmol, 1 M) was slowly added, forcing the 
immediate precipitation of an orange solid. The solid was filtered, washed with H2O, then with MeOH, 
and finally dried at 70 °C. (23.5 mg of orange product; 62 % yield). IR (KBr pellets): ν = 1488s, 1440s, 
1376s, 978sh, 967s, 820s, 794s, 764sh cm-1. Elem. anal.: calcd for C20H30Mo6O17 (1118.08): C, 21.5, 
H, 2.7. Found: C, 21.4, H, 2.6. TGA (loss of Cp* and uptake of O): calcd. 22.7 %; found 23.1 %. 
 








 [Cp*2W2O5] (30 mg, 4.18 x 10–2 mmol) was dissolved in MeOH (2 mL). Separately, 
Na2MoO4·2H2O (40 mg, 0.167 mmol) was dissolved in water (2 mL). The two solutions were mixed 
without apparent change. A HNO3 solution (0.75 mL, 0.75 mmol, 1 M) was then slowly added, forcing 
the immediate formation of a dark yellow precipitate, which became pale yellow after ca. 1 h. After 
being stirred overnight at room temperature, the solid was filtered, washed with H2O, then with MeOH 
(in which it is sparingly soluble) and finally dried at 70 °C (38.5 mg, 71.3 % yield). IR (KBr pellets):  
ν = 1496s, 1442s, 1377s, 1081s, 1024sh, 984sh, 972s, 828sh, 801s, 785sh, 600s cm-1. Elem. anal.: 
calcd for C20H30Mo4O17W2 (1293.88): C, 18.5, H, 2.3. Found: C, 18.5, H, 1.7. TGA (loss of Cp* and 
uptake of O): calcd. 19.6 %; found 19.3 %. 
 








 [Cp*2Mo2O5] (54.2 mg, 0.1 mmol) was dissolved in MeOH (2.5 mL). Separately, Na2WO4·2H2O 
(131.9 mg, 0.4 mmol) was dissolved in water (2.5 mL). The two solutions were mixed with no apparent 
change. A HNO3 solution (1.8 mL, 1.8 mmol, 1 M) was slowly added, forcing the immediate formation 
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of an bright orange precipitate that darkened with time until green. The mixture was stirred overnight. 
The solid was filtered and finally dried at 70 °C under vacuum. The powder was then washed with 
diethyl ether to remove unreacted Cp*2Mo2O5. (yield: 86.5 mg, 15 %). IR (KBr pellets): ν = 1491s, 
1444s, 1376s, 1265w, 1173w, 1093w, 972s, 920sh, 890sh, 851sh, 809s, 767sh, 706s, 610s,         
546s cm-1. Elem. anal.: calcd for C20H30Mo2O17W4 (1469.68): C, 16.3, H, 2.1. Found: C, 16.7, H, 1.7. 
TGA (loss of Cp* and uptake of O): calcd. 17.3 %; found 19.7 %. 
 








 [Cp*2W2O5] (30 mg, 4.2 x 10–2 mmol) was dissolved in MeOH (2 mL). Separately, 
Na2WO4·2H2O (55 mg, 0.17 mmol) was dissolved in water (1.5 mL). The two solutions were mixed 
with no apparent change. A HNO3 solution (0.33 mL, 330 mmol, 1 M) was slowly added, forcing the 
immediate precipitation of a yellow-white powder. The mixture was stirred for one day, and then the 
yellow solid was filtered, washed with H2O, then with MeOH and finally dried at 70 °C under vacuum 
(46.4 mg, 67.5 % yield). IR (KBr pellets): ν = 1498s, 1442s, 1376s, 996sh, 980s, 896sh, 806s, 741w, 
600sh cm-1. Elem. anal.: calcd for C20H30O17W6 (1645.48): C, 14.6, H, 1.8. Found: C, 15.1, H, 1.3. TGA 
(loss of Cp* and uptake of O): calcd. 15.1 %; found 16.3 %. 
 
5.2.3. Synthesis and Characterization of New Anionic Polyoxometalates  
 
 The same procedure was used for all compounds. One equivalent of Cp*M2O5 (M = Mo or W) 
was dissolved in the minimum amount of methanol. In a second flask, ten equivalents of 
Na2M’O4·2H2O (M’ = Mo or W) were dissolved in the minimum amount of water. Both solutions were 
mixed without apparent change. Aqueous 1 M HNO3 (18 equivalents) was then added to the mixture, 
resulting in a color change (the color depends on the M/M’ nature). The mixture was left stirring at 
room temperature for two hours. The bromide salt (nBu4N+, nBu4P+ or Ph4P+) with the desired (> 3 
equivalents) dissolved in water was then added to the solution leading to a precipitate of the expected 
compound. The product was filtered off, washed with small portions of water, methanol and 
diethylether and finally dried under vacuum at 70°C.  
Precaution has been taken to avoid any contact of these products with metal in order to avoid 








5.2.3.1. Synthesis of [Cp*Mo6O18]- Polyanions  
 









 [Cp*2Mo2O5] (63,6 mg, 0,117 mmol) was dissolved in 6 mL of MeOH. Separately, 
Na2MoO4·2H2O (283,9 mg, 1,17mmol) was dissolved in 3 mL of water. The two solutions were mixed 
with no apparent change. A 1 M HNO3 solution (2,11 mL, 2,11 mmol) was then slowly added, forcing 
the immediate precipitation of an orange powder. The mixture was stirred for 2 hours, then Bu4PBr 
(119 mg, 0,352 mmol) was dissolved in 4 mL of water and added the mixture, followed by stirring 
overnight. The resulting green solid was filtered off, washed with H2O, then MeOH, and finally dried for 
1 hour at 70°C under vacuum (239.3 mg, 81 % yield). IR (KBr pellets, cm-1): ν = 2961s, 2931s, 2872s, 
1084w, 1636s, 1617s, 1488, 1464s, 1373s, 979sh, 967s, 929s, 916sh, 798s, 758sh cm-1. Elem. anal.: 
calcd for C26H51O18PMo6: C, 24.8; H, 4.1. Found: C, 25.0; H, 3.8. TGA (formal loss of Cp* and 4 Bu): 
calcd. 28.8 %; found 28.3 %. 1H NMR (DMSO-d6): δ 0.92 (t, Me), 1.42 (m, CH2), 2.13−2.20 (m, CH2), 
2.23 (s, Cp*). 31P NMR (DMSO-d6): δ 35.0. MS: m/z 999.8 (theor m/z 999.5), [Cp*Mo6O18]-. 
 









 [Cp*2Mo2O5] (51,6 mg, 0,095 mmol) was dissolved in 3.5 mL of MeOH. Separately, 
Na2MoO4·2H2O (230,3 mg, 0.95 mmol) was dissolved in 4 mL of water. The two solutions were mixed 
with no apparent change. A 1 M HNO3 solution (1.71 mL, 1.71 mmol) was then slowly added, forcing 
the immediate precipitation of an orange powder. The mixture was stirred for 2 hours, then Bu4NBr (92 
mg, 0.285 mmol) was dissolved in 4 mL of H2O and added to the mixture, followed by stirring 
overnight. The resulting orange solid was filtered off, washed with H2O, then MeOH, and finally dried 
for 1 hour at 70°C under vacuum (200.7 mg, 85 % yield). IR (KBr pellets, cm-1): ν = 2962s, 2933sh, 
2873s, 1618s, 1470s, 1374s, 1067w, 979sh, 957s, 880w, 796s, 758sh cm-1. Elem. anal.: calcd for 
C26H51O18NMo6: C, 25.1; H, 4.1; N, 1.1. Found: C, 25.1; H, 4.1; N, 0.3. TGA (formal loss of Bu4NCp*): 
calcd. 30.4 %; found 30.5 %. 1H NMR (DMSO-d6): δ 0.94 (t, 12H, Me), 1.33 (m, 8H, CH2), 1.60 (m, 8H, 















 [Cp*2Mo2O5] (80 mg, 0.147 mmol) was dissolved in 4 mL of MeOH. Separately, 
Na2MoO4·2H2O (357.1 mg, 1.47 mmol) was dissolved in 4.5 mL of water. The two solutions were 
mixed with no apparent change. A 1 M HNO3 solution (2.65 mL, 2.65 mmol) was then slowly added, 
forcing the immediate precipitation of an orange powder. The mixture was stirred for 2 hours, then 
Ph4PBr (185.6 mg, 0.442 mmol) was dissolved in 7.5 mL of CHCl3 and added to the mixture, followed 
by stirring for 8 days. The resulting green solid was filtered off, washed with H2O, then MeOH, and 
finally dried for 1 hour at 70°C under vacuum (413 mg, 104 % yield). IR (KBr pellets, cm-1): ν = 1436s, 
1371s, 1138s, 978sh, 967s, 899s, 812sh, 792s, 760sh cm-1. Orange single crystals of the compound 
were obtained from a separate attempt by slow evaporation of a acetone solution of the crude product 
(orange). 
 
5.2.3.2. Synthesis of [Cp*W6O18]- Polyanions  
 









 [Cp*2W2O5] (55.2mg, 0,0769 mmol) was dissolved in 4 mL of MeOH. Separately, 
Na2WO4·2H2O (253,6 mg, 0,769 mmol) was dissolved in 3. mL of water. The two solutions were mixed 
with no apparent change. A 1 M HNO3 solution (1,38 mL, 1,38 mmol) was then slowly added, forcing 
the immediate precipitation of a yellow powder. The mixture was stirred for 2 hours, then Bu4PBr (78,2 
mg, 0,23 mmol) was dissolved in 3 mL of water and added the mixture, followed by stirring overnight. 
The resulting yellow solid was filtered off, washed with H2O, then MeOH, and finally dried for 1 hour at 
70°C under vacuum (166.4 mg, 60.6 % yield). IR (KBr pellets, cm-1): ν = 2960s, 2931s, 2871s, 1637s, 
1617s, 1493sh, 1464sh, 1376s, 1311s, 1235s, 997sh, 979s, 972s, 920s, 892w, 812s, 722sh cm-1. 
Elem. anal.: calcd for C26H51O18PW6: C, 17.5; H, 2.9. Found: C, 19.6; H, 2.8. TGA (formal loss of Cp* 

















 [Cp*2W2O5] (69 mg, 0,096 mmol) was dissolved in 3.8 mL of MeOH. Separately, 
Na2WO4·2H2O (317 mg, 0,96 mmol) was dissolved in 3.5 mL of water. The two solutions were mixed 
with no apparent change. A 1 M HNO3 solution (1,73 mL, 1.73 mmol) was then slowly added, forcing 
the immediate precipitation of a yellow powder. The mixture was stirred for 2 hours, then Bu4NBr (98,5 
mg, 0,288 mmol) was dissolved in 4 mL of H2O and added to the mixture, followed by stirring for 5 
days. The resulting yellow solid was filtered off, washed with H2O, then MeOH, and finally dried for 1 
hour at 70°C under vacuum (286.6 mg, 83.5 % yield). IR (KBr pellets, cm-1): ν = 1638sh, 1617s, 
1548s, 1483s, 1443sh, 1375s, 991sh, 962s, 891s, 799s cm-1. Elem. Anal.: calcd. for C26H51O18NW6: C, 
17.6, H, 2.9, N, 0.8. Found: C, 18.7, H, 2.9, N, 0.3. TGA (formal loss of Bu4NCp*): calcd. 21.4 %; 
found 23.5 %. 1H NMR (DMSO-d6): δ 0.94 (t, 12H, Me), 1.33 (m, 8H, CH2), 1.56 (m, 8H, CH2), 2.40 (s, 
Cp*), 3.17 (m, 8H, CH2). 
 









 [Cp*2W2O5] (54.4 mg, 0.0757 mmol) was dissolved in 4 mL of MeOH. Separately, 
Na2WO4·2H2O (250 mg, 0.757 mmol) was dissolved in 4 mL of water. The two solutions were mixed 
with no apparent change. A 1 M HNO3 solution (1.36 mL, 1.36 mmol) was then slowly added, forcing 
the immediate precipitation of a yellow powder. The mixture was stirred for 2 hours, then Ph4PBr (95.3 
mg, 0.227 mmol) was dissolved in 4.5 mL of CHCl3 and added to the mixture, followed by stirring 
overnight. The resulting yellow solid was filtered off, washed with H2O, then MeOH, and finally dried 
for 1 hour at 70°C under vacuum (218.5 mg, 77 % yield). IR (KBr pellets, cm-1): ν = 1585s, 1483s, 
1436s, 1372s, 1106s, 995sh, 960s, 890s, 800s, 721s cm-1. Elem. anal.: calcd for C34H35O18PW6: C, 
21.9; H, 1.9. Found: C, 23.1; H, 1.7. TGA (loss of Ph4PCp*): calcd. 25.4 %; found 26.5 %.1H NMR 









5.2.3.3. Synthesis of [Cp*MoW5O18]- Polyanions  
 









 [Cp*2Mo2O5] (51.5mg, 0,095 mmol) was dissolved in 6 mL of MeOH. Separately, 
Na2WO4·2H2O (313mg, 0.95 mmol) was dissolved in 3 mL of water. The two solutions were mixed with 
no apparent change. A 1 M HNO3 solution (1.71 mL, 1.71 mmol) was then slowly added, forcing the 
immediate precipitation of an orange powder. The mixture was stirred for 2 hours, then Bu4PBr (96.7 
mg, 0.285 mmol) was dissolved in 4 mL of water and added to the mixture, followed by stirring 
overnight. The resulting pale green solid was filtered off, washed with H2O, then MeOH, and finally 
dried for 1 hour at 70°C under vacuum (227.9 mg, 71 % yield). IR (KBr pellets, cm-1): ν = 1638s, 
1617s, 1458s, 1406s, 1378s, 1227s, 1089w, 993sh, 961s, 892s, 811s, 705s cm-1. Elem. anal.: calcd 
for C26H51O18PMoW5: C, 18.4; H, 3.0. Found: C, 20.0; H, 3.7. TGA (formal loss of Cp* and 4 Bu): 
calcd. 21.4 %; found 23.4 %. 1H NMR (DMSO-d6): δ 0.92 (t, 12H, Me), 1.47 (m, 16H, CH2), 2.13−2.20 
(m, 8H, CH2), 2.38 (s, Cp*). 31P NMR (DMSO-d6): δ 35.0. MS: m/z 1440.8 (theor m/z 1440.7), 
[Cp*MoW5O18]-. 
 









 [Cp*2Mo2O5] (52.7 mg, 0,097 mmol) was dissolved in 3.5 mL of MeOH. Separately, 
Na2WO4·2H2O (320 mg, 0.97 mmol) was dissolved in 4 mL of water. The two solutions were mixed 
with no apparent change. A 1 M HNO3 solution (1.75 mL, 1.75 mmol) was then slowly added, forcing 
the immediate precipitation of a yellow powder. The mixture was stirred for 2 hours, then Bu4NBr (94 
mg, 0.291 mmol) was dissolved in 4 mL of H2O and added the mixture, followed by stirring for 5 days. 
The resulting yellow solid was filtered off, washed with H2O, then MeOH, and finally dried for 1 hour at 
70°C under vacuum (272.6 mg, 83.6 % yield). IR (KBr pellets, cm-1): ν = 1638s, 1617s, 1483s, 
1462sh, 1378s, 1067w, 991sh, 959s, 890s, 803s cm-1. Elem. Anal.: calcd for C26H51O18NMoW5: C, 
18.6; H, 3.0; N, 0.8. Found: C, 21.4; H, 3.6; N, 0.9. TGA (formal loss of Bu4NCp*): calcd. 22.5 %; 
found 24.2 %. 1H NMR (DMSO-d6): δ 0.94 (t, 12H, Me), 1.32 (m, 8H, CH2), 1.57 (m, 8H, CH2), 2.11 (s, 















 [Cp*2Mo2O5] (69 mg, 0.127 mmol) was dissolved in 3 mL of MeOH. Separately, Na2WO4·2H2O 
(419 mg, 1.27 mmol) was dissolved in 4 mL of water. The two solutions were mixed with no apparent 
change. A 1 M HNO3 solution (2.29 mL, 2.29 mmol) was then slowly added, forcing the immediate 
precipitation of an orange powder. The mixture was stirred for 2 hours, then Ph4PBr (160 mg, 0.382 
mmol) was dissolved in 4 mL of CHCl3 and added the mixture, followed by stirring overnight. The 
resulting pale green was filtered off, washed with H2O, then MeOH, and finally dried for 1 hour at 70°C 
under vacuum (253.8 mg, 56 % yield). IR (KBr pellets, cm-1): ν = 1437s, 1317s, 1189s, 1108s, 996sh, 
957s, 888s, 800s, 752sh, 722s cm-1. Elem. Anal.: calcd for C34H35O18PMoW5: C, 23.0; H, 2.0. Found: 
C, 25.0; H, 1.6. TGA (loss of Ph4PCp*): calcd. 26.6 %; found 27.9 %. 1H NMR (DMSO-d6): δ 2.12 (s, 
15H, Cp*), 7.7−7.9 (m, 15H, Ar). 31P NMR (DMSO-d6): δ 23.5.  
 
5.2.3.4. Synthesis of [Cp*Mo5WO18]- Polyanions  
 









 [Cp*2W2O5] (55.7 mg, 0.0775 mmol) was dissolved in 4 mL of MeOH. Separately, 
Na2MoO4·2H2O (187.7 mg, 0.775 mmol) was dissolved in 3 mL of water. The two solutions were 
mixed with no apparent change. A 1 M HNO3 solution (1.39 mL, 1.39 mmol) was then slowly added, 
forcing the immediate precipitation of a yellow powder. The mixture was stirred for 2 hours, then 
Bu4PBr (78.9 mg, 0.232 mmol) was dissolved in 3 mL of water and added to the mixture, followed by 
stirring overnight. The resulting green solid was filtered off, washed with H2O, then MeOH, and finally 
dried for 1 hour at 70°C under vacuum (169 mg, 81 % yield). The product colour was golden-green. 
The product was recrystallized from acetone (yellow). IR (KBr pellets, cm-1): ν = 2983s, 2930s, 2871s, 
1629s, 1463s, 1441s, 1409s, 1374s, 1312sh, 1235sh, 1089sh, 984sh, 961s, 796s, 721sh cm-1. Elem. 
Anal.: calcd for C26H51O18PMo5W: C, 23.2; H, 3.8. Found: C, 23.8; H, 3.4. TGA (formal loss of Cp* and 
4 Bu): calcd. 27 %; found 28.1 %. 1H NMR (DMSO-d6): δ 0.94 (t, 12H, Me), 1.44 (m, 16H, CH2), 2.14-
















 [Cp*2W2O5] (58.4 mg, 0.0813 mmol) was dissolved in 4 mL of MeOH. Separately, 
Na2MoO4·2H2O (196.8 mg, 0,813 mmol) was dissolved in 4 mL of water. The two solutions were 
mixed with no apparent change. A 1 M HNO3 solution (1.46 mL, 1.46 mmol) was then slowly added, 
forcing the immediate precipitation of a yellow powder. The mixture was stirred for 2 hours, then 
Bu4NBr (78.5 mg, 0.244 mmol) was dissolved in 4 mL of H2O and added to the mixture, followed by 
stirring overnight. The golden-green solid was filtered off, washed with H2O, then MeOH, and finally 
dried for 1 hour at 70°C under vacuum (166.7 mg, 77 % yield). The product was recrystallized from 
acetone (yellow). IR (KBr pellets, cm-1): ν = 2962s, 2931sh, 2873s, 2030s, 1639s, 1617s, 1469s, 
1442sh, 1373s, 1316s, 1171s, 1108s, 1065w, 984sh, 958s, 875w, 798s, 740sh cm-1. Elem. anal.: 
calcd for C26H51O18NMo5W: C, 23.5 H, 3.9; N, 1.0. Found: C, 24.1; H, 3.7; N, 0.5. TGA (formal loss of 
Bu4NCp*): calcd. 28.4 %; found 28.6 %. 1H NMR (DMSO-d6): δ 0.94 (t, 12H, Me), 1.33 (m, 8H, CH2), 
1.58 (m, 8H, CH2), 2.45 (s, Cp*), 3.19 (m, 8H, CH2). 
 









 [Cp*2W2O5] (71.6 mg, 0.099 mmol) was dissolved in 3 mL of MeOH. Separately, 
Na2MoO4·2H2O (241 mg, 0.997 mmol) was dissolved in 4 mL of water. The two solutions were mixed 
with no apparent change. A 1 M HNO3 solution (1.79 mL, 1.79 mmol) was then slowly added, forcing 
the immediate precipitation of an orange powder. The mixture was stirred for 2 hours, then Ph4PBr 
(125.4 mg, 0.299 mmol) was dissolved in 2 mL of CHCl3 and added the mixture, followed by stirring 
overnight. The golden-green solid was filtered off, washed with H2O, then MeOH, and finally dried for 1 
hour at 70°C under vacuum (137.8 mg, 48 % yield). IR (KBr pellets, cm-1): ν = 1637s, 1617s, 1438s, 
1399s, 1370s, 1108s, 983sh, 959s, 880s, 799s, 722s cm-1. Elem. anal.: calcd for C34H35O18PMo5W: C, 
28.6; H, 2.5. Found: C, 25.9; H, 2.2. TGA (loss of Ph4PCp*): calcd. 33.2 %; found 31.9 %. 1H NMR 
(DMSO-d6): δ 2.45 (s, Cp*), 7.7−7.9 (m, Ar). 31P NMR (DMSO-d6): δ 23.5. 
 Yellow single crystals of this compound were obtained from a separate attempt by slow 









 The reaction of the bis(pentamethylcyclopentadienyl)pentaoxodimetal complexes [Cp*2M2O5] 
with four equivalents of Na2M’O4 (M, M’ = Mo, W) in acidic aqueous medium have given the neutral 
Lindqvist-type organometallic mixed-metal oxides [Cp*2MoxW6–xO17] (for x = 6, 4, 2, 0). The identity of 
the complexes is demonstrated by elemental analyses, thermogravimetric analyses and infrared 
spectroscopy. The molecular identity and geometry of compound [Cp*2Mo4W2O17] is further confirmed 
by a fit of the powder X-ray diffraction pattern with a model obtained from previously reported single-
crystal X-Ray structures of [Cp*2Mo6O17] and [Cp*2W6O17], with which [Cp*2Mo4W2O17] is isomorphous. 
Thermal degradation of complexes up to above 500 °C showed to yield mixed-metal oxides 
Mo2/3W1/3O3 and Mo1/3W2/3O3 with an expected homogeneous distribution of the two metals in case of 
hetermetallic complexes, which may be of interest for the study of the influence of the metal in 
heterogeneous catalytic as well as in chromogenic applications. 
 The reaction between the oxometallic complexes [Cp*2M2O5] and Na2M’O4 (M, M’ = Mo, W) in 
a 1/10 molar ratio in an acidic aqueous medium constitutes a mild and selective entry into the anionic 
Lindqvist-type hexametallic organometallic mixed oxides [Cp*MoxW6-xO18]- (x = 0, 1, 5, 6). All these 
compounds have been isolated as salts using nBu4N+, nBu4P+, or Ph4P+ cations. Four new anionic 
polyoxometalates have been characterized by IR, thermogravimetric analyses (TGA) and mass 
spectrometry. Ph4P[Cp*Mo6O18] and Ph4P[Cp*WMo5O18] single crystals have been obtained and 
anlyzed by X-ray diffraction. The two structures are orthorhombic and isostructural. 
As was found for all POM derivatives, the terminal M′=Ot and M″=Ot vibrations have higher 
frequency (observed, 950−1000 cm-1), than the M−Ob−M vibrations (observed 750−890 cm-1). For new 
anionic POM’s, the 1H NMR spectra of the isolated salts in dimethyl sulfoxide (DMSO) show the Cp* 
signal at δ 2.2 (when linked to Mo) or 2.4 (when linked to W). The 31P NMR spectrum of the 
phosphonium salts shows the expected cation resonance at δ 23.4 for Ph4P+ and 35.1 for Bu4P+. The 
compounds show characteristic M=O and M−O−M vibrations in the IR spectrum. All anionic 
compounds were also investigated in terms of their thermal behavior by thermogravimetric analysis 
(TGA) in air. The tetrabutylammonium and phosphonium salts led to complete loss of the organic part, 
with formation of the mixed-metal trioxides Mx/6M′1−x/6O3 (x = 0, 1, 5, 6), with a relatively good match 
between experimentally observed and theoretical mass losses upon warming up to 500 °C. All anions 
were also investigated by mass spectrometry using an electrospray method. The fragmentation 
pattern is not identical for each type of anion, but as a general feature, we can observe a loss of the 
Cp* fragment to yield [MM′5O18]-, followed by the subsequent loss of both MO3 and M′O3. 
 The studies presented here constitute a new, rational, and facile synthesis of new 
organometallic group 6 Lindqvist-type polyanions of the type [Cp*MM′5O18]- (M, M′ = Mo, W). This 
family was previously represented only by the homometallic Mo member, obtained by two different and 
less efficient synthetic strategies. The thermal decomposition of these compounds (at least those with 
N-containing cations) yields the mixed-metal oxides Mx/6M′1−x/6O3 with a homogeneous distribution of 
the two metals, which may be of interest for the study of the metal influence in various applications. 
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Some catalytic studies will be tested from the new complexes and the aim is the development 
of cleaner and safer catalytic processes following the principles of Green Chemistry. These new 
complexes might be of interest as catalyst of epoxidation and/or oxidation [60,63]. By the same time, 
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TITLE: Synthesis and Characterization of Molybdenum and Tungsten Organometallic 
Polyoxometalates in Aqueous Media 
 
In this thesis, the reaction of [Cp*2M2O5] complexes with Na2M'O4 (M, M' = Mo, W) in different 
stoichiometric ratios has been investigated in an acidic aqueous medium. It is a mild and selective 
entry into well-defined Lindqvist-type organometallic mixed-metal Polyoxometalates. Using a 1:4 ratio 
leads to the neutral compounds [Cp*2MoxW6–xO17] (for x = 6, 4, 2, 0), of which the two mixed-metal 
systems [Cp*2Mo2W4O17] and [Cp*2Mo4W2O17] were not previously reported. The identity of the 
complexes is demonstrated by elemental analysis, thermogravimetric analysis and infrared 
spectroscopy. The molecular identity and geometry of compound [Cp*2Mo4W2O17] is further confirmed 
by a fit of the powder X-ray diffraction pattern with a model obtained from previously reported single-
crystal X-Ray structures of [Cp*2Mo6O17] and [Cp*2W6O17], with which [Cp*2Mo4W2O17] is isomorphous.  
The formula of these compounds may also be written as [(Cp*M)2(M'O)4(µ2-O)12(µ6-O)]. The relative 
position of the M and M' atoms is perfectly defined by the nature of the starting materials, the M 
element from the organometallic reagent ending up selectively in the (Cp*M) positions and the M' 
element from the inorganic reagent occupying selectively the (M'O) positions. Thermal decomposition 
of these compounds yields the mixed-metal oxides Mo2/3W1/3O3 and Mo1/3W2/3O3 with an expected 
homogeneous distribution of the two metals.  
 When the same synthetic procedure is carried out with [Cp*2M2O5] and Na2M'O4 (M, M' = Mo, 
W) in a 1:10 ratio, the anionic organometallic mixed-metal polyoxometalates [Cp*MM'5O18]- (M, M' = 
Mo, W) are obtained. This family was previously represented only by the homometallic Mo member, 
obtained by two different and less efficient synthetic strategies. All these compounds have been 
isolated as salts of nBu4N+, nBu4P+ and Ph4P+ cations. The compounds have been characterized by 
elemental analysis, thermogravimetric analysis, electrospray mass spectrometry, and infrared 
spectroscopy. The molecular identity and geometry of compounds Ph4P[Cp*Mo6O18] and 
Ph4P[Cp*WMo5O18] have been confirmed by single crystal X-ray diffraction.  
The compounds show characteristic M=O and M−O−M vibrations in the IR spectrum. As found 
for all POM derivatives, the terminal M′=Ot and M″=Ot vibrations (950−1000 cm-1) have higher 
frequency, than the M−Ob−M vibrations (750−890 cm-1). The 1H NMR spectra of the isolated products 
for the new anionic POM's show the Cp* signal at δ 2.2 (when linked to Mo) or 2.4 (when linked to W), 
plus the resonances of the cation with suitable intensity for the 1:1 Cp*/cation stoichiometry. The 31P 
NMR spectrum of the phosphonium salts shows the expected cation resonance at δ 23.4 for Ph4P+ 
and δ 35.1 for Bu4P+. All anionic compounds were also investigated in terms of their thermal behavior 
by thermogravimetric analysis (TGA) in air. The salts with N-based cation (Bu4N+) lead to complete 
loss of the organic part, with formation of the mixed-metal trioxides Mx/6M′1−x/6O3 (x = 0, 1, 5, 6), with a 
relatively good match between experimentally observed and theoretical mass losses upon warming up 
to 500 °C. TGA of the salts with phosphonium cations (Bu4P+ and Ph4P+) gave indication of 
phosphorus loss or not depending on the anion, without a clear rationalization. 
 All anions were also investigated by mass spectrometry using an electrospray injection 
method. The spectrum in negative mode showed the expected molecular ion with an isotopic pattern 
in good agreement with the simulation. The fragmentation pattern is not identical for each type of 
anion, but as a general feature, we can observe a loss of the Cp* fragment to yield [MM′5O18]-, 
followed by the subsequent loss of both MO3 and M′O3. 
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Dans cette thèse, la réaction entre les complexes de formule [Cp*2M2O5] et Na2M'O4 (M, M' = 
Mo, W) dans différentes proportions stoechiométriques a été étudiée en milieu acide aqueux. Il s'agit 
d'une voie douce et sélective pour l'obtention de polyoxométallates organométalliques de type 
Lindqvist. Une proportion 1:4 a permis d'obtenir les oxydes organométalliques mixtes de formule 
générale [Cp*2MoxW6–xO17] (x = 6, 4, 2, 0), parmi lesquels les deux systèmes mixtes [Cp*2Mo2W4O17] 
et [Cp*2Mo4W2O17] n'avaient pas été décrits auparavant. Chaque complexe a été identifié par analyse 
élémentaire, analyse thermogravimétrique et spectroscopie infrarouge. La composition et la géométrie 
moléculaire de [Cp*2Mo4W2O17] a été confirmée par une excellente correspondance entre le spectre 
de diffraction RX de poudre expérimental et un spectre de poudre théorique simulé obtenu à partir des 
données RX monocristallines des composés [Cp*2M6O17] (M = Mo, W) avec lesquel le composé 
identifié est isomorphe. 
Les composés peuvent s'écrire comme [(Cp*M)2(M'O)4(µ2-O)12(µ6-O)]. La position relative de 
M et M' est définie par la nature des réactifs de départ. L'élément M provient du réactif 
organométallique et reste de façon sélective en position (Cp*M). L'élément M' du réactif inorganique 
occupe sélectivement les positions (M'O). La dégradation thermique des complexes (>500°C) a 
conduit à des oxydes mixtes de formule Mo2/3W1/3O3 et Mo1/3W2/3O3.  
 Quand le protocole synthétique est opéré entre [Cp*2M2O5] et Na2M'O4 (M, M' = Mo, W) dans 
une proportion molaire 1/10 dans un milieu méthanol/eau acidifié, la formation de polyoxométallates 
mixtes organométalliques polyanioniques de formule générale [Cp*MM'5O18]- (M, M' = Mo, W) est 
observée. Seul [Cp*Mo6O18]- était connu auparavant, obtenu selon deux stratégies de synthèse 
différentes. Ces composés ont été isolés sous forme de sels avec nBu4N+, nBu4P+, et Ph4P+ comme 
cations. Les composés ont été caractérisés par analyse élémentaire, analyse thermogravimétrique, 
spectrométrie de masse en mode électrospray et spectroscopie infrarouge. Les structures 
moléculaires des composés Ph4P[Cp*Mo6O18] et Ph4P[Cp*WMo5O18] ont été confirmées par diffraction 
RX sur monocristal. 
Les composés montrent des vibrations en spectroscopie infrarouge caractéristiques des 
vibrations M=O et M−O−M. Comme dans tous les composés de type POMs, les vibrations des liaisons 
terminales M′=Ot et M″=Ot apparaissent à plus haute fréquence (950−1000 cm-1) que les vibrations 
M−Ob−M (750−890 cm-1). Pour les POMs anioniques, les spectres RMN 1H dans le DMSO indiquent 
un signal pour le Cp* à 2,2 ppm (lié au Mo) ou 2,4 ppm (lié à W), ainsi que les résonances des cations 
avec une intensité correspondant à la stoechiométrie Cp*/cation de 1/1. La RMN du 31P des sels de 
phosphonium montrent les résonances correspondantes à 23,4 ppm pour Ph4P+ et 35,1 ppm pour 
Bu4P+. Le comportement thermique des composés anioniques à l'air a été étudié. L'étude thermique à 
plus de 500°C des sels de tétrabutylkammonium conduit à la perte totale de la partie organique, et la 
formation d'oxydes mixtes Mx/6M′1−x/6O3 (x = 0, 1, 5, 6) avec une bonne correponsdance entre pertes 
de masses théoriques et expérimentales. L'analyse thermogravimétrique des sels de phosphonium 
(Bu4P+ and Ph4P+) a donné des indications sur la perte partielle (ou totale) de phosphore en fonction 
de l'anion, sans toutefois pouvoir établir une règle absolue. 
 Les anions ont été étudiés par spectrométrie de masse en mode électrospray. Le spectre en 
mode négatif a montré pour chaque anion l'ion moléculaire attendu avec un profil isotopique en accord 
avec les spectres simulés. Le schéma de fragmentation est différent pour chaque anion, mais un fait 
commun est la perte du fragment neutre Cp* pour conduire à l'espèce [MM′5O18]-, suivi de pertes 
successives de MO3 et/ou M′O3. 
 
Mots-clés: Chimie organométallique dans l'eau, Molybdène, Tungstène, Oxydes Organométalliques, 
Ligand Pentamethylcyclopentadienyle, Polyoxométallate. 
  
 
 
